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Preface

This thesis was stimulated by research in Tactical Target

Identification performed by the United States Air Force Systems

Command's Rome Air Development Center (RADC/OCTM), Griffiss AFB, New

York. Engineers there are investigating the possibility of iden-

tifying aircraft from two dimensional cross range versus slant range

image plots of the discrete electromagnetic scatterers on the air-

craft. To identify the aircraft, it i, thought of as a collection of

simple geometrical objects whose image plots are known at different

aspect angles. For a known aircraft, the image plots of the indivi-

dual geometrical objects are "pieced" together at their individual

aspect angles with their spatial position observed, with respect to

some reference point on the aircraft. Thus, what is produced is a

composite image plot of the discrete point scatterers on the aircraft.

The assumption made above is that secondary multiple scattering is

negligible compared to primary scattering.

The goals of this thesis are to obtain a practical method of

obtaining the backscattered signal for any known incident signal for

the perfectly-conducting sphere and perfectly-conducting, infinitely-

thin circular disk and also to investigate the sensitivity of the

backscattered signal to changing aspect angle.

I ackowledge with thanks the advice and encouragement received

from my thesis advisor, August Golden, Jr., Capt., USAF and to my
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thesis readers, Joseph W. Carl, Maj., USAF, and Professor Raymond

Potter at the Air Force Institute of Technology. Also, my thanks and

appreciation go to my sponsor, Mr. Richard Wood of the Surveillance

Division, Rome Air Development Center and to Drs. D. L. Moffat and

D. B. Hodge of the Ohio State University. Dr. Hodge's computer

simulation for the scattering from the circular disk was extremely

helpful. Also, Capt. Golden's many helpful suggestions were inva-

luable to the completion of this research.

Finally, I would like to thank my wife, Kathy, whose patience

and understanding were of immeasurable value throughout my AFIT
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Abstract

The problem of identifying the perfectly conducting sphere

and perfectly-conducting, infinitely-thin circular disk via the

backscattered far field from the object with a known incident signal

is examined. A method utilizing Synthetic Aperture adar principles

to obtain slant range versus cross range image plots of the discrete

point scatterers on an object is discussed. A computer program to

calculate the far field backscattering from the sphere is developed.

Another computer program, found in the literature, which calculates

the far field backscattering from the infinitely-thin, circular disk,

is extended for ka>15. In the above programs, the backscattering is

obtained as a function of frequency and treated as the frequency

response of a linear system. The input to this system is five cycles

of lOGHz R-F. The return signal is the output of the system and is

obtained by using conventional linear system theory. Since a sphere

is symmetric, the same return is obtained at all aspect angles. This

return from the sphere is examined. However, returns from the cir-

cular disk are different at different aspect angles. These returns

from the disk are examined.

viii



PREDICTED MICROWAVE ELECTRO-MAGNETIC BACKSCATTERING

RETURNS FOR SIMPLE REFLECTIVE TARGETS

I. Introduction

Background

With the use of Synthetic Aperture Radar processing, it is

theoretically possible to obtain two-dimensional slant range versus

cross range image plots of the locations of the discrete point scat-

terers on simple geometrical shapes. These plots, it is hoped, will

show a rough outline of the object and will aid in its identification.

As was stated in the Preface, an aircraft will be thought of as a

collection of these simple geometrical objects whose image plots are

known at different aspect angles.

The two simple geometrical shapes considered here are the

sphere and the circular disk. The sphere is uoique in the fact that

at any aspect angle the return signal will always be the same. This

is due to spherical symmetry. Thus, at any specific aspect angle, the

image plot obtained from the sphere will be the same as the image plot

obtained at any other aspect angle. As will be shown in Chapter II,

to obtain cross range information, the return signal must change with

changing aspect angle. Thus, for the sphere, only slant range infor-

mation can be obtained. The circular disk, however, has the advantage

of returning an aspect-dependent signal. Therefore, cross range

information can be obtained for the disk. The circular disk also



possesses a known backscattered frequency response which is treated as

the frequency response of a linear system. The backscattered signal

is the output of the system and the incident signal is the input to

the system. Although the backscattered signal from the sphere provi-

des nocross range information, its backscattered signal can be

obtained in the same way as the backscattered signal from the disk.

The method used for identification of the unknown shape is to

compare the image obtained from the unknown shape to previously

recorded images of different known shapes at known aspect angles.

Hopefully, one of the known image plots will match up with the unknown

plot. Taken that this is the case, the unknown object will be iden-

tified as the object which corresponds to the known matching image

plot.

Problem and Scope

The specific problem studied in this thesis is how many

distinct backscatter signature returns are obtained over a specified

angle variation around the circular disk. The sphere is spherically

symmetric and thus will backscatter the same return signal for all

incident aspect angles. For this reason, the section on the sphere

was used to show how the return signal was obtained by knowledge of

the frequency response of the scattering. The return signal from the

disk is obtained in the same manner. In this case, however, the fre-

quency response of the scattering is aspect dependent.

Only the sphere and the circular disk are considered in depth

since they are the only simple geometrical shapes for which the
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frequency response of the far field scattering can be numerically

calculated.

General Approach and

tesentation

The general approach used in the research was to firstly

understand how two-dimensional images of the discrete point scat-

terers on simple geometrical objects can be obtained. Synthetic Aper-

ture Radar processing was seen to aid in the development of a slant

range versus cross range image of the discrete point scatterers of the

object.

Secondly, there had to be discovered if there were any

geometrical shapes for which the backscattered field as a function of

frequency was numerically calculable. Once the sphere and the cir-

cular disk were found to possess this quality, they were the only sha-

pes concentrated on. As was alluded to in the background section,

this backscattered field, as a function of frequency, was treated as

the frequency response of a linear system. The incident signal is the

input to the system and the backscattered signal is the output. For

the sphere, only the backscattered signal at one aspect angle is exa-

mined since the sphere is symmetric. For the disk, however, the

returns from different aspect angles were examined.

The point of obtaining the backscattered signals from the

sphere and the disk is that, theoretically, they can now become the

inputs to the processor to produce the two-dimensional plots.

Unfortunately, because of time constraints, this could not be

attempted.
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The sequence of presentation of the main chapters in the-

sis is:

I. Introduction

II. Signal Processing-Two Dimensional Images

III. Scattering from the Perfectly Conducting

Sphere in the Far Field

IV. Scattering from the Perfectly Conducting,

Infinitely-Thin Circular Disk in the Far Field

V. Conclusions, Findings and Recommendations.
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II. Signal Processing Two-Dimensional Images

The processing used to obtain two-dimensional images of the

scattering centers of objects in the far field is essentially

Synthetic Aperture Radar processing (Ref 3, Ref 8). The following

is an explanation of the processing used to obtain a two-dimensional

image of two discrete point scatterers in the far field (Ref 7).

Figure 1 is representative of the situation of two discrete

point scatterers in the far field. Scatterer 1 is at point one and

scatterer 2 is at point two. Imagine, however, that instead of the

scatterers moving around the radar, that the radar moves around the

scatterers. The radar is at point three. With no loss in generality,

let scatterer 1 be located at zero cross range and let scatterer 2 be

located at cross range Rc2' Also let the distance from the radar

to scatterer 1 be constant and be denoted RO. Let the distance from

the radar to scatterer 2 be varying and be denoted R. Also let

A6/2 and e denote the angles shown in Figure 1. The angle Ae/2=O °

and ezgo °. Therefore, the cross range axis is perpendicular to the

line from point one to point three.

The two dimensional image that will be obtained will be a

plot of slant range versus cross range. Slant range can be obtained

easily by noting the time delay of the signal from the radar to each

point scatterer and back to the radar. Therefore, if the time

delay to the ith scatterer and back is denoted Ti , the slant range

R st, is



y

v

.Me

I2
R R

R2 Cross
Range

Figure 1. Two Discrete Point Scatterers in the Far Field



CTi

R si ()

where

cA speed of light in free space

As can be seen, the processing required to obtain slant range

is quite simple in principle. On the other hand, the processing

required to obtain cross range is more complicated. The cross range

of scatterer 2 will be examined since the processing involved to

obtain its cross range is representative of the processing involved

to obtain the cross range of any discrete point scatterer on the

target.

Assuming the transmitted signal from the radar is

sT(t) = eJ~ct (2)

the signal received back from scatterer 2 will be

SR2(t) = ej(Wct'2kRs 2) (3)

where

k (4)

Also, assuming that cross range values will be much smaller than

slant range values, R can be approximated by

Rs2 R 0- R cos e (5)
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therefore,

SR2(t) = eJWct e-j2kR0 - eJ2Rc2 Cos e (6)

note that

M et RO 2 2- 7

therefore

Ae
cos e= cos (2 + -- t)

(8)

0

However, if ( -- t) is small, then
2 R0

cos e t O - (9)
0

Therefore,
2kRc2v

t - _j2kRo -jkA8Rc2  -o t

SRs(t) = eJwct •e e • e (10)

At the receiver, there will be a bank of matched filters.

Each of them will be matched to a specific cross range on either

side of zero cross range. There will also be a filter matched to

zero cross range.

The bank of matched filters is represented in Figure 2

where Ax is the cross range resolution and T is the dwell time.

If there is a discrete scatterer at a cross range which is an

integer multiple of Ax, the outputs of the filters matched to those

8
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C)exp(-j ?~.t) dt
fT 0

R 
dt

T 
0

I. T.

Figure 2. Bank of Matched Filters at Receiver

9



integer multiples will roll off with a sin x/x distribution. For

examlesuposethere is a scatterer at cross range R C. Therefore

jW t j~k _jkeR i2kRcv

s R(t) =ec * e -jk 0 . ke1Oc e R 0

The ejWc t term can be suppressed without loss in generality. There-

fore,

-j2kR 0  -jkLAR c 2k c (12)
sR2()ee e 0t

The output of the filter matched to R c2 would be

T/2 -Jk(2R0+AR) W c v .kc~vtd
f-T/2

-jk(2R0+A&BR ) T/2ji RX(R-R c2  t (13)eCf e cd
-T/2

~i(R+AR) T sin( 27rv(Rc-Rc2)T]

(eR C_( R c2 )T]

A plot of the magnitude of the above equation as a function ofR

is shown in Figure 3. If Rc= R~2  a maximum of T will be the out-

put of the filter matched to R c2 * If Rct, the output of that

same filter will fall off as a sinc(x) distribution as a function
of R C

10



S2 c)

T

C2

Figure 3. Plot of Magnitude of Equation (13)



To determine cross range resolution the criteria that will

be used is that if the output of the filter matched to Rc2 is above

0.707T in magnitude, then there is a scatterer at cross range Rc2 :

sinc(x)=O.707 at approximately 1.4 Rad. Therefore, ARc=Rc R must

be found in Eq. (14) and multiplied by two to obtain Ax.

sin[ RAR cT]

2R0.707 (14)
[= --AR Tc1

Therefore

2-rv AR T = 1.4 (15)
AR0  c

AR-1.4XR0  0.22XR0  (6
ARc = 2rvT vT (16)

0.44XR 0
Ax = 2ARc = vT (17)

After slant range and cross range of each scatterer are

obtained, a two dimensional plot is made for a single target at

a single aspect angle by locating these scatterers on a display.
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III. Scattering from the Perfectly Conducting
Sphere in the Far Field

The electromagnetic backscattering from an object can be

thought of as a linear system characterized by a frequency response

which is the normalized backscattered E-field as a function of fre-

quency (Ref 2:6). Therefore, in theory, the frequency spectrum

of the backscattered signal can be obtained by multiplying the

Fourier Transform of the incident signal by the frequency response

of the system. The backscattered signal is the inverse Fourier

Transform of its frequency spectrum. Thus, by conventional linear

system theory, the scattered signal from an object can be obtained.

The reason for obtaining the backscattered signal from the

object is that it can now be inputed to the processor described in

Chapter II in order to obtain a two-dimensional, slant range vs. cross

range image of the discrete point scatterers on the object. The

process is represented in a block diagram in Figure 4.

Frequency Response of the Sphere.

The Mie series solution of the scattering from the sphere at

a point p as a function of w is (Ref 14:142):

ES(p,w) = 0 (An Mol n+B nNel n) (18)

n=l

where,

13
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Incidet Signal

h(t)

Scattered Signal

Processor

'- Iage

II Figure 4. Identification Process
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Rol~ 11 (kr)P (Cos O)(cos 06e
n sin-e n n

-hl(kr)cP(o d)si l (19)

Nei n(n+l) 1 1rPlo e)(cos rn kr hn k)nco

+* d k)krhn(kr)] d l(cos O)(cos 4)e (20)

kr sd 7 ~r [krhi(kr)]Pl(cos e)(co -)

P'(x) Associated Legendre Polynomial of degree n and order 1.n

- 1 dn (2_1) (21)
2n*n! dxn 1

h'(x) 4Spherical Hankel Function of degree n and order 1.n

j J (x) + jYn(x) (22)
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Yn~(x) ' n(x) Cos (nit) - n(xsin (ni7T (23)

n not an integer I

n i-'l)h(ka)

d kain(ka)] (4
B = (jn+1 2n+l d~ka)

n ~ n(n+ ) d Lk hI( a]25
d( ka)[an(a)(5

However,assuming r>>a, e"jwt time dependence and using far

field approximations, with "a" the radius of the sphere (Ref 14:143).

= kr S1 ee-sno 2()p (26)

where

S1(e) = ~(_)n~l [A. Pn (Cos 6) + Bd PI (Cos 0)]
n=1 sine ± n F. (27)

i~n~l I~1(o P(Cos e)
S2(e) = I _ ~)End T) n n si ) (28)n1l

let,

F(e,O) T = COS OS,(e)e - sin OS 2(6)6 (29)

In the backscattering direction, approximations are made

for F(O) for four regions: the low-frequency region, the lower

resonance region, the upper resonance region and the high

frequency region (Ref 14:146-150):

16



In the low frequency region (ka<0.4) the approximation for

F(0) is (Ref 14:150):

F(O) -Y 2 a (30)

therefore

E jkr
rES(W) = 1e*(ka) (31)k 2

In the lower resonance region (0.4<ka<O.8) the approxima-

tion for F(0) is

F(0) =-Fk2 ) El (ka) +4t00 (ka) -1 51,923(ka__

+ jf(ka) [1 + -(ka)2  (32)

='J Y2 e3  tan

where

3 1  a 3 15 2_17 4 -6,651,923 (32 P a)(1 (ka) ' 0 ka) k6](3

17



y -fka) 1+-gk (34)

therefore

E ONx 2 y j(kr + tan 1 ~rE5(W) = e K(35)

* In the upper resonance region (0.8<ka<20) the approximation

for F(0) consists of a specular component, F0(0), added to a creeping

wave term, Fc (0). Therefore,

F(O) = F0(0) + FC(O) (36)

The approximations of F0(0) and Fc(O) are:

-J2ka
F0(0) = 2e 1 1- (37)

2

+ (0.741196 + JI.283788)(ka)3J1.
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1
exp [-(ka) (2.200002 -jl.270172)

+ (ka) 3(o.445396 + jO.257150)J

-2
+[0.695864 + (0.964654 + jl.670829)(ka) )l

1
*exp [-(ka) (7.014224 -j4.049663)

1

-(ka) 3(0.444477 + jo.256619)]

2

[0C.807104 + (0.798821 + jl.383598)(ka)

*exp [-(ka) (5.048956 - j2.915016)

1
-(ka) (0-312321 + jO.180319)] (38)

let

F0(0) + Fc(0) Vx7Y tan-1  (39)

where

x =Re{F0(0) + Fc( 0 )1  (40)

19



y = Im{F°(O) + Fc(O)} (41)

therefore

rES(w) = EO Fx-2 e t  (42)

In the high frequency region (ka>20) the approximation for

F(O) is

F(O) = -1-j2ka (43)

therefore

Eoka e.j[kr-2ka]rEs(w) = -- -

(44)

_ E0a J[kr-2ka]

A computer program is listed in Appendix A which calculates

the frequency response of the far field E-field backscattering from

a perfectly conducting sphere. To give an idea of the shape of

the backscattered E-field frequency response, a sample of the

response is shown in Figure 5 as a function of ka up to ka=30.

Since the scattering from the sphere is aspect independent, the

response shown in Figure 5 is valid at any aspect angle.

20
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The facility for obtaining Fourier Transforms and Inverse

Fourier Transforms in this thesis is the Fast Fourier Transform (FFT).

An explanation as well as a listing of the computer program for the

FFT is provided in Appendix C. A review of the proper selection of

FFT parameters is provided in Appendix D.

Process to Obtain Backscattered Signal

The incident signal used is a pulse of five cycles of lOGHz

R-F. The selection of the proper way to sample the incident pulse is

explained in Appendix D. From Appendix D, the pulse is shown to be

sampled ten times each cycle, or fifty times each pulse. The pulse is

shown in Figure 6 centered at t=O. The pulse is shown split in two

parts. One part is at t=O while the other part is at t=10.24 nsec.

This is done because the FFT cannot see negative time. The FFT assumes

periodicity of the time signal and its frequency spectrum. Therefore,

the pulse would repeat around t=10.24 nsec (NOTE: 1024 samples,

samples are 0.01 nsec apart). An expanded view of the left half

of the pulse is shown in Figure 7. The spectrum of the pulse is shown

in Figure 8. Note that the spectrum is simply a sinc(x) function

shifted in frequency and centered on 10GHz. As outlined in Appendix D,

the frequency response of any object must go out to the 250th sample,

with Af between samples being 97,656,000Hz, to fully enclose the

appreciable frequency components of the incident 1OGHz pulse. The

frequency response for the sphere is shown in Figure 9, with the

left half frequency reversed, conjugated and shifted up in fre-

quency. The conjugation occurs, because when this frequency response

is inverse transformed, the result should be a real impulse response.

22A
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It will be real if the frequency response has even magnitude and odd

phase. The real part of the inverse Fourier Transform of the fre-

quency response in Figure 9, is shown in Figure 10.

In Figure 11 is shown the real part of the result that is

obtained when the frequency response of the sphere is multiplied by

the Fourier Transform of the 10GHz incident pulse and inverse Fourier

Transformed. Figures 12-14 show the same process done on a video pulse

of the same width as the 10GHz pulse. Figure 12 is the video pulse

with Figure 13its spectrum, and Figure 14 the real part of the back-

scattered signal. Figures 11 and 14 will be compared. Because

the video pulse has frequency components down very low in frequency

where the frequency response of the sphere is oscillatory, the

response obtained by linearly convolving this pulse with the impulse

response of the sphere is not exactly the video pulse returned as

is shown in Figure 14. However, the appreciable frequency components

ofthe frequency spectrum of the 10GHz pulse are out in frequency

where the frequency response of the sphere is essentially flat.

Therefore, as shown in Figure 11, the 10GHz pulse is returned almost

intact with only a time delay. The slight negative response at the

end of the graph in Figure 11 also holds much significance. This

is the return from the incident signal creeping around the sphere.

The significant point is that as the incident pulse gets shorter

and shorter in duration, more and morephysical features of the

object that the pulse is illuminating will become noticeable. In

the case of the sphere, there are only two returns; the specular

return and the creeping wave return. An unfortunate result is
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that as the frequency of the pulse is increased, the creeping

wave term will become less apparent. So only the specular return

will be noticeable. At lower frequencies, the creeping wave

return will become moreapparent. Refer back to -q. (17) in

Chapter II, written here for convenience.

Ax = 2AR - .44XR (17)

As the frequency is decreased in order to notice the creeping wave

return, the wave length, X, will be increased and thus increase

Ax and thus decrease the cross range resolution. As the frequency

is increased in order to decrease X and Ax and therefore increase

the cross range resolution of the discrete point scatterers, the

creeping wave return will disappear. Thus, for all practical purposes,

only the specular return will be detected.
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IV. Scattering from the Perfectly Conducting,
Infinitely-Thin Circular Disk in the

Far Field

As was stated in the Introduction, the sphere, until recently

was the only geometrical object for which numerical scattering results

could be obtained. Although the rigorous eigenfunction solution of

the scattering from the thin circular disk has been availabc in the

literature for some time (Ref 1), only limited numerical results

have been available due to the complexity of the numerical computations

involved. However, in February 1979, a report out of the Electrosciences

Laboratory at the Ohio State University was published for the

Department of the Navy, Office of Naval Research, which made avail-

able the rigorous eigenfunction solution of the plane wave scatter-

ing problem from the infinitely-thin circular disk (Ref 9). The

author, Dr. D. B. Hodge, develops a computer program to obtain the

far field scattering from the thin metallic disk. The program allows

an incident plane wave of arbitrary incidence angle and polariza-

tion and calculates the far field radar cross section as well as

the scattered E-field. The geometry of the disk is shown in Fig-

ure 15. The direction of the incident wave is specified by ki and

eO. The incident direction is restricted to the x-z plane. Because

of circular symmetry, this is no restriction. The angle "a" is

the polarization angle. When a=0° , the incident field is parallel

to the x-z plane. When a=90', the incident field is perpendicular

to the x-z plane. The radius of the disk is "a." While the incident
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field is restricted to the x-z plane, the scattered field can be

in any direction specified by 0s and %. However, since backscat-

tering is only considered, es= 0 and Os=O. A listing of Dr. Hodge's

program is contained in Appendix B along with a sample I/O and an

explanation of how to input values to the program.

The program is valid up to ka=15. A high-frequency approxi-

mation was used to extend the program past ka=15. This approxima-

tion is a modification of the Sommerfield-MacDonald technique by

Ufimitsev (Refs 16 and 17). For o°<eo<9O° and es=eO, the theta com-

ponent of the E-field normalized by the radius of the disk and

divided by two is (Refl4:514-515).

JfA2(e) i 0 2 1o(2sin 00
rEe N -j Al2B (2 sine O + A 22(6)(2 sin Oo )

l2-sin 00)

* Jl(2ka sin eO ) - 4A 12(e) (2 sin o )  (45)

-A 2 sin 80) 2 (2ka sin 0)]

where
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A1 ( ) = exp [-j C[ kaIcos(. - 0)I]
2

+ js [ ka cos(M LO))1 (46)7r 4  4

C (n) IoS ! t2 dt (47)

S (n) = fosin (t2 dt (48)

a = 41rr 2 IE61 2  (49)

To limit the extent of the programs listed in Appendix B,

c=O, in Figure 15. Since, such is the case, only Es need be con-

sidered since Es will be zero. The program used to implement the

above equations for E and all is in Appendix B with an output

following the first program. The computer program that incorpo-

rates the extension to the first program is the third program

listed in Appendix B.

Sensitivity of Returns from the Circular

Disk at Five Different Aspect Angles

The following discussion is divided into three sections.

The first section concerns backscattering from the circular disk at
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10 off normal incidence. The second section is a sensitivity study

of the backscattering from the disk at 710, 720, 730, 740, and 750

off normal incidence. The last section examines backscattering

from the disk at 890 off normal incidence.

Backscattering from the Circular Disk at 10 Off Normal.

Figure 16 shows the frequency response of the backscattered E-field

from the circular disk at 10 off normal. The large oscillatory portion

of the response is the backscattering in accordance with the physical

optics model. If the frequency of the incident E-field is constant

and is directed at a specific aspect angle off the normal of the

disk, a lobing pattern, quite similar to an antenna lobing pattern,

will becreated with the maximum of the major lobe pointed at the

same angle off normal as the incident E-field and 1800 around the

disk from the incidence direction. This pattern is the magnitude of

the scattered E-field as a function of aspect angle. As the fre-

quency is increased and the incidence angle is kept constant, the

beam widths of the lobes of the lobing pattern become smaller and

consequently maxima and minima of the lobing pattern pass by the

fixed incident angle resulting in the oscillatory nature of the fre-

quency response of the backscattered E-field. The oscillatory

response riding on the physical optics response is due to diffraction

off the edges of the disk. If this response were to be plotted out

by itself, it would be seen to be oscillatory in nature although of

much smaller magnitude than the physical optics response. Figure 17

is a plot of the phase of the frequency response whereas Figure 16

is a plot of the magnitude of the frequency response. Figure 18
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is a plot of the backscattered signal at 10 off normal incidence

when a video pulse 0.5 nsec wide with a pulse repetition frequency

of 10OMHz is incident. This "impulse response" is seen to have a

doublet at the leading edge of the response. This contribution is

due to a term proportional to ka in the scattered electric field and

is predicted by both physical optics and the geometrical theory of

diffraction (Ref 10:559). Although the response in Figure 18 is

not truly the impulse response since the incident pulse is not an

impulse but a video pulse of width 0.5 nsec, the response obtained

closely resembles results obtained in the literature (Ref 10:p.559).

The backscattered signals obtained when a pulse of five cycles of

10GHz R-F is incident at 10 is shown in Figure 19. The effect of the

doublet is still seen as the phase of the signal immediately to the

right of t=O has a phase of 1800 relative to the incident signal

shown in Figure 6.

Backscattering from the Circular Disk from 710, 720, 730, 740,

and 750 off Normal. As was stated in the Introduction, the specific

problem studied in this thesis is how many distinct backscatter

signature returns are obtained over a specified angle variation

around the circular disk. The vehicle for accomplishing this was to

find the angle for which the backscatter frequency response had the

lowest minimum at 10GHz (remember the incident pulse is five cycles

of 10GHz R-F). The angle is 730 and was obtained with the use of the

combination program or 3rd program in Appendix B. The angle variation,

mentioned above, was centered on 730. This variation in angle was

from 710 to 750 in one degree increments. The frequency responses
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which correspond to the five angles are shown in Figures 20-24.

The backscattered signals at these angles are shown in Figures 25-29.

If more time were available,the backscattered signals would have

been inputed to the signal processor outlined in Chapter II, but

because of time constraints only the backscattered frequency responses

and backscattered signals will be compared. Their similarities and

dissimilarities will be pointed out as well as conclusions that can

be dervied from the figures.

In Figure 20 is shown the frequency response of the back-

scattering when the incidence direction is 710 off normal. Note the

minimum is at approximately 8GHz. As the angle is increased from

710 through 750, this minimum will move to the right and would pass

through IOGHz when the incident angle equals 730 to approximately

13GHz when the angle equals 750 .

If images were able to be made from the backscattered signals

corresponding to angle variations around the five angles discussed,

one of two things would be true. If the images were virtually the

same, then only one of the images would be recorded. Thus, this

would reduce the number of image plots to characterize the object.

If the image plots were quite dissimilar, then all the image plots

obtained would definitely be needed and the angle variations would

further have to be subdivided to see if the image plots corres-

ponding to the smaller angle variations were similar or not. This

process is repeated until image plots which were virtually the

same were obtained. At this point, only the previous image plots
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are retained for comparison to the image plot obtained from the

unknown object.

In Figures 25 to 29 are shown the backscattered signals

when the angle of incidence is 710, 720, 730, 740 and 750 off

normal, respectively. Notice that the backscattered signal when

e0=73° is the smallest return out of the 5 returns. This makes sense

since at 730 the frequency response of the backscattering has a

minimum at 10GHz which is the frequency of the incident signal.

As 0 is increased and decreased around 730 the backscattered signals

are shown to increase in amplitude. This indicates that a valley in

the frequency response has been passed through. At the right

side of the curves shown in Figures 25-29 there is another

response. This is conjectured to be the diffracted return with

the dominant curve on the left being the specular return.

Backscattering from the Circular Disk at 890 off normal.

In Figure 30 is shown the frequency response when e0=890. This

case is considered to illustrate what the return signal looks like

at almost edge-on incidence.

In Figures 31 and 32 are shown the backscattered signals

at 0=89
0 for the 1OGHz R-F Pulse and video pulse. Note that the

amplitudes of the returns are reduced from the amplitudes of the

returns centered around 60=73
0 by 2 orders of magnitude. It can thus

be concluded that the diffracted returns are always smaller than the

physical optics returns. It is interesting to note the curve on

the right side of Figure 32. This return quite possibly could be

the pulse traversing the disk and being diffracted back. From
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Figure 32 it can be observed that the time delay between the beginning

of the first return and the beginning of the second return is

approximately 5.20 nsec. It can be calculated that the distance

in space that corresponds to a time delay of 5.2 nsec is equal to

approximately 1.56 m. This means that the incident pulse has to

travel an additional 1.56 m to produce the second return than it

had to travel to produce the first return. The first return in

Figure 32 is considered the physical optics return from the edge

of the disk. The second return in Figure 32 is conjectured to be

the return caused by the incident pulse traversing the disk and then

traveling half way around the disk to the point of incidence.

With the radius of the disk equal to 0.30 m, the additional distance

that the second return travels is approximately 1.54 m which provides

a time delay of approximately 5.20 nsec which corresponds to the

time delay between returns in Figure 32.
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VI. Conclusions, Findings, and Recommendations

Conclusions

There are two major conclusions that can be derived from this

thesis.

The first conclusion is that no cross-range information can be

obtained from the perfectly-conducting sphere due to the dspect inde-

pendent nature of the backscattered return. The second conclusion is

that, with the lOGHz pluse incident, due to cross-range resolution

constraints, only the specular scatterer and not both the specular and

creeping wave scatterers will be detected on an image plot. Thus, the

image plots obtained from the processing discussed in Chapter II would

only show one scatterer and would not aid in the identification of the

sphere.

Findings

The backscattered signals centered around e0 = 730 for the

circular disk are quite similar. The above indicates that maybe the

image plots that would be obtained from angle variations around 710,

720, 730 740 and 750 off normal, quite possibly could be quite simi-

lar. If this were the case, the five image plots could be replaced

by one image plot. If such were not the case, then these five image

plots would definitely be needed in the series of image plots used to

characterize the circular disk.
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Recommendations

It is recommended that the processor described in Chapter II

be implemented and that the number of distinct image plots that are

obtained for the circular disk be investigated. The effect of

increasing or decreasing the frequency or, equally, decreasing or

increasing the wavelength of the incident E-field, on the cross range

resolution in reference to the disk should be investigated. In other

words, are the diffraction returns off the edges of the circular disk

attenuated as the frequency is increased and is Ax, as defined in

Chapter II, too large to resolve the diffraction scatterers as the

frequency is decreased.
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Appendix A

Explanation and Program Listin for the
Freqency sponse of there

The following listing is the computer program that was used to

generate Figures' 6, 7, 8, 9, 10, and 11. The program is a straight-

forward application of the equations for the different frequency

regions as outlined in Chapter III. However, a few words will be

stated to explain the plotting.

First of all, the plotting was done using a library which is

unique to the computer system at the Air Force Institute of

Technology. The library of subroutines used is called SAPL. The

subroutine within SAPL used to do the plotting is called HGRAPH. As

an example, generation of one of the graphs will be explained.

Figure 10 is a graph of the real part of the impulse response

of the sphere. The computer program statements which generate this

graph are statements 1140 to 1220 inclusive. The array IE which has

17 locations is used for labeling. IE(l) to IE(8) are used to label

the upper righthand corner box. IE(g) and IE(lO) are used to label

the abscissa and IE(ll) and IE(12) are used to label the ordinate.

IE(13) to IE(17) are used to title the graph (NOTE: 10 hollerith

characters fit in one array location). This title goes on the outside

of the graph box along the ordinate coordinate. The CALL PLOT state-

ments merely position the pen on the plotter. The CALL HGRAPH state-

ment calls the correct subroutine for plotting. The argument list
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contains seven arguments. In the example, V is the array of x-axis

values of dimension 1026. ROESR is the array of y-axis values of

dimension 1026. Both arrays are two more locations than 1024 for

internal scaling purposes. The "1024" is the number of points to be

plotted. The IE is the labeling array. The "1" specifies internal

scaling by the program. The first "0" means connect successive points

by a straight line. And, finally, the second "0" means to draw dots

at points as opposed to other symbols (i.e., triangles, circles,

etc.).

The preceding is all that is needed to plot graphs using the

HGRAPH subroutine in the SAPL library.
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1 00= PROGRAM I MP-4(,!12 (INtPUT, DIV PUT. PLOT)
110= REAL C1,C2E1E2EF1 F2'GliG2,H1,H2, IIi12,J1 1 J29V.*1.V12.4
120= $L1,L2!,M1,M2pN1,N2sP1,P2,KA
130= INTEGER Z
140= COMPLE ,: Cq E F, pHq I, J, KL, MqNP

-'150= S, PULS:E (1 024). !- PULSER (1024) 9 ROES (1 024)
160= DIMENSION X(1 026) v (1026) , W .1026) ?V (1026) o ID(17)
170= $,IAR(17),IB(17),IC(17),IE(17(),RESRQ026nPOGESI(1026)
180= $, IF(17)
19 0=c
200=C FIX DIAMETER OF SPHEPEPAP AND DISTANCE TO TAPGETqRO.
21 0=C
220= *A=0.3
230= P0=0.0

260=C COMPUTE 41HAT THE £CATTERED FIELD' POECSP W FUNCTION
270=C O3F WAVE NUMBER' I" FOR THE LO4.1 FREQUjENCY PEGION. THE
2180O=C LOWER PECOr4NCE REGION. THE UPPER RES-ONAhCE REGION'-
290=C AND THE HIGH FREQUENCY REGION.
310= FE=7660

320= DO 10 Z=19251
330= KA= ( (0.3"-). + (2 3. 14159).+FPEr.!(Z-1))'(0000jnA00)
340= IF(KA.EO.0)GO TO 55
350= C1=0.0
360= C2= (KA.PO) / A
370= C=CMPLX *,(C 1 C2)
380= E= ./.)'A*.)1.-(5./54.'KA..2.)
390= $+(l.9 .) -(612.11000)(R.6:'

400= E=1/.*(A...1 + (6./5.)(KA**2.))
410= E=CMPLX (El ,E2)

420= F1=1.0
430= F2=1I.'/(2. *KA)
440= F=CMPLX (Fl ,F2)
450= 61l=0.0
460= 62=- (2. .1(R)
470= G=CMPLX (61 62)
480= H1=0. 0
490= H2= (3. 141593). 'A- '1.'/6.)-1.)
5;00= H=CMPLX-e (Hi 11HE)
510= I1=1. 357588 + (0. 741196) *(KA. (-2. 3)
52 0= 12(1. 238)*(A+(2 31
530= I=CMPLX(I1,12)
540= J1-K.(.3).2200)+
55 0= $SK~ -. ,. 0 49
5;60= J2= (VA.'i* (1 3) 1.27 0172')*
570= $1(A~-.3.)(.510
580= J=CMPLX 01 ~j2)
590= ?(1=0.695864 + (.664.K.(2.3)
600= K2=- (1. 67 0829) (KA..lo-(-2. /3.)
61 0= K=CMPLX (K9192)
620= L=(A.1'.)..124
6 30= $ (KA..(-1./3.)).(0.444477)
640= L=~A~l/.)(.463
650= S(A.(1-3.)(251)
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L=CMPLXk 'L 1L2>
670= M1=0. 807104 + oA 98821. * (-2,3.):)

A80 M2 °: 1I. 38:35:98) * a I h* '-2./ 3. .)

1E90 = M=CMPLX 0:MI, M2"
700= I=- :K,* '. * :5. 04895E> -

710= $ <KRA. (-1..'. a * :312321:
72 O= M2= (YR*,',:.. °.a.. *,2.91501.> -

730= $ (KA** (.-1. ," .'.'. 0'. 180319)
740= N=CMPL. (NI N2)
750= PI=0.0
760= P2=((KRA*PO)/(R)) - (2.)*(KR)
770= P--CMPLX (P1 P2)
780= IF(A.LE. 0.4)Gr0 TO 20
790= IF ,'KA. GT. 20. ) G0 TO 50
800= IF(V-A.LE.0.8)GO TO 30
810= IFKA.GE.O.9'GO TO 40
820= 20 POES (Z,' = -,'K4' ) * , KRA**3. ::'.( CEXP (C>)
830= GO TO 10
840= 30 ROES (Z) = '(2. '3.) ,1) B / WA) (CEXP (C) ) . E>
850= GO TO 10
860= 40 ROES Q:')= ' (2. /3. ) *FB , WKA) ( .CEXP :C) > : .
870 =  $ a - :KA- 2.*. "*(CEXP "G) *F + ( AK.w (4./3. ) )'a
880= $. (CE:P'H' *,(I)+(CEXP(J)) + (KI'*..,:CEXP'L)) -

890= $ (M.*,:CEXP (':)))
900= GO TO 10
91 0= 50 POE.: (Z) = (-B'3.) * (CEXP (P))
920= G0 TO 10
930= 55 ROE.(Z)=(0.,0.)
940= 10 CONTINUE
950= DO 60 Z=1,251
960= R=PEAL (ROE:-: (Z))
970= P=F IMAG (POE:" (Z)
980= FOE ,: (2) =CMPLX ,A: -B)
990= X''Z. =PEAL ,::ROES (Z)

1000= Y 'Z =A I MAG (POE:S (Z) )
1010= 60 W ('Z) = ( . (Z) , **2. ) + ( (Y :Z) + -2. ) .) * 1 2.)
1020= DO 65 Z=252,774
1030= ROES: (Z) = (0., 0.2
1040= 65 l.1) (:Z) = 0. 0
1050= DO 68 Z=19250
1060= POES : 1025-Z) =C:MPL X (Z+ 1) , - (Y (Z+ 1 )
1070= 68 CONTINUE
1080= CALL FFT(POEc,: 10,-1.)
1090= DO 1 Z=1.,1024
1100= ROESP (Z) =PEAL (ROES (Z)
1110= POE* I ,Z) =A I MAG3 POES (Z)
1120= V (Z) = Z-I .. '1 0.1 1.>
1130= 1 CONTINUE
1140= DATA IE(I'-20H PEAL PRPT OF
1150= DATA IE (3).20H IMPUL:E PESPONSE
1160= DATA IE(5).'20H OF SPHERE
1170= DATA IE(7).'20H DIBARTOLOMED
1180= DATA IE(9)/20H T
1190= DATA IE(11)/20H IMPULSE RESPONSE
1200= DATA IE(13)/50H
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1210 "CALL PLOT ,'I. ,-4.,-3.) $ :CALL PLOT(O.,. 039-3.)
1220O= CALL HGFPPH P, '. PE , 1 024 - E 9 1,0 90)
1230= DATA IF,1).', iH IMPGI4APY RART OF
1240= DATA IF , .."2 0H IrPUL":E PE:3.POHCE
1250= DATA IF,*5,-'20H OF :F'HE'E
1260= DATA IF '7)..'2H DIIAFTOLOMEO
1270= DATA IF(' .."20H T
1280= DATA IF(11)2(H IMPLILZ.E FESPONS:E /
1290= DATA IF (.'-).50H

/

1300= CALL PLOT'O.-4.,-3.) $ CALL PLOT(0.,.03,-3.)
1310= CALL HGF'APH,;'V'FOE:"I, 1024. IF, 1,0,0)
1320= CALL FFT(POE,:: 1, 1.:
1330= DO 69 7=775,1024
1340= X =PEAL ,'FOES: (Z))
1:350= Y <:: =R I r,AG (ROE! ,.. Z)
1360 =  I. (Z) = ( '.'. ..X (Z) :,-2. )+ 01 (' Z)) * 2. 1 ) . 1. 2.

1370= 69 CONTINUE
1380= DO 70 Z=1,20
1390= PR INT., X (Z) 9 Y Z) W (Z)
1400= 70 COHTINLIE
1410= DO 80 Z=1,1024
1420= V ':Z: =FRE!.*
1430= 80 CONTINUE
1440= DATA ID (1) /2'OH FFEOUENCY RE.SPONSE x
1450= DATA ID: (3)..'2."2H OF :-:PHE.E
1460= DATA IT1(5)/.20H DIB"ITOLOMED
1470= DATA ID(7)./20H
1480= DATA ID(9)/20H F x
1490= DATA ID(11)/2OH ROES (F)
1500= DATA ID(13),5H FREQUENCY RE:SPDE OF SPHERE

/

1510= CALL PLOT(O.,-4.,-3.) $ -CALL PLOT(O.,.03,-3.)
1520= CALL HGRAPH'VI.,,1024,ID,1,0, O)
1530= DO 90 Z=1,25
1540= X=(Z+25)/(10+'11.)
1550= PULSE1=.IN (2.3. 14159.(10..10.):.X)
156 0= PULTE2=0. 0
157 0= PUL *:E ':7:' =CMPLX (PULSE 1, PULCE2)
1580= 90 CONTINUE
1590= ro I00 ;=26,999
1600= PULSEI=0.0
1610= PUL:E2=0. 0
1620= PUL E (Z) =C.tMPL::<? ,:PULSE 1 PLILSE2)
1630= 100 CONTI NUE
1640= DO 105 7=1000,1024
1650= X= e-999) .*1 0.11. )
1660= PUL:E 1=C:IM r2.3. 14159.v1I0.10.:i 'X)

1670= PUL-:E2=0. 0
1680= PUL *SE ('Z:' =C MPLX (PULZ.E 1, pLIL :E-)
1690= 105 CONTINUE
1700= DO 110 Z=11024
1710= X (Z) =PEAL (.PULSE (2))
1720= V (Z) = (Z- 1..:' 10** 11
1730= 110 CONTINUE
1740= DATA IAu.)/,20H INCIDENT
1750= DATA IA(3)/-'0H PULZE
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1760= DATA IA.:5:,.."20H DIEPTOLMEO /
A=IRTF4 I A (7) ..'-2 0H

17::= DATA IA ' .:,'2..2 H T /
1790= DATA I A (11 " 2 OH PUL:E ::T)
1800= DATA IA(13).'S''H INCIDENT PULSE OF RF AT 10 G1H

1810= CALL PLOT.i:n.,-4.9-:::.., $ CALL PLOT(O.,.03'-3.)
1:920= CALL Hf'PAPH ('v::, 1 124, IA, 1 O 0, 0)
1830= CALL PLOT,:''. ,-4. ,-:.' S CALL PLOT('O. ,. 03,-3.)
1840= CFLL H F'APH .V. 'Oh, IA, 1, A:', 0)
1850= CALL FFT.(PULLE, 11.0 '
1860= DO 120 7=I10:-4
1870= X (Z) =PEAL 'PULE (Z))
1880= Y (') =AIMAG .PUL.:E Q))
1890= l (Z) (Z) ) **2. : + ( (Y cZ :, *. . ) ) .. (1. /2.>
1900= 120 V:Z' =FREO.Z
191 0= DATA IE: ':;."20H TPAN.--.FDPM OF .
1920= DATA IF,-3*...20H PLIL:E /
1930= DATA I'5)."20H DI:ARTOLOIED /

1940= DATA I'.7)/20H
1950= DATA IB (9) .20H F /

1960= DATA IB11).'/20H PULSE (F) /

1970= DATA IB:(13):50H FOURIER TRANSFORM OF PULSE

1980= CALL PLOT(0.,-4..-:3..' $ CA:LL PLOT,0.,.03,-3.)
1990= CALL HGPAPH (V, .,W 200., I B 1 , I 0)
2000= DO 140 Z=1.1024
201 0= PULER ,(-) = (ROES (Z)) . (PIL:E (Z))
2020= 140 CONTINUE
2030= CALL FFT'PUL.ER,,-1 .)
2040= DO 150 Z=1,1024
2050= , :, =PEAL ,:PLIL :ER "Z)
2 (1.6 0= Y ,:Z' =A I r.IAG e PULS:P ER()
2070= ., : (Z' = (' ( , Z) .*.*2. : + ( 'Y (Z : *.*2. ,) ) * (I ./2.
2080= V (::) = (Z-1 1 . (10.*.11 .
2090= 150 CONTINUE
2100= DATA IC(1)/20H REFLECTED /

2110= DATA IC(:3:,/20H S:IGrAL /

2120= DATA IC."5)./20H DIBAPTOLOEO /
2130= DATA IC (7)/20H
2140= DATA IC (9:' ..-;2H T
2150= DATA IC (11:)/20H PULSEP T) ..
2160= DATA IC,(1:3)'50H REFLECTED PUL:E OF :F

/

2170= CALL PLVT(0.,-4.,-S.) $ CALL PLOT(O.,.03,-3.)
2180= CALL H'PAPH,'V', 1024, IC I n, 0::)
2190= CALL PLOT(O.,-4. ,-:3.) $ CALL PLOT(O.., .03, -3..
2200= CALL HiFAPFH 'V' Y, 1024, IC, 1, 0, 0:')
2210= CALL FFT (PUL:.:E, 10,-1.)
2220= DO 160 Z=1,1I24
223 0= X (Z) =PEAL (PLIL :".E CDZ)
2240= 160 V) = (.7-). ,'(10.* 11. )
2250= CALL PLOT(0.,-4.,-::.) $ CALL PLOT(O.,.03,-3.)
2260= CALL HGRAPH. '. .q,, 1024, IA, 1,0, A)
2270= CALL PLOTE(M)
2280= S:TOP
2290= EMD
2300= .SUBROUTINE FFT(XM.,XI)
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2310= COMPLEX X(I L.U .IT
2320= H=2..M
233 i= Nv2=N/2
234 0= NM 1=ti-1
2350= J=l
2360= DO 7 I=l1r9MI
2370= IF(I.13E..J) GO TO 5
2380 = T=X ':J)
2390= X (J: =X (I)
2400= X (I) =T
241 0= 5 K='v2

2420= 6 IFK.GE.J) GO TO 7
2430= J=J-K
244 0= K=K/2
2450= G3 TO 6
2460= 7 J=J+K
2470= PI=3. 14159265358979
2480= DO 20 L=IM
249 0= LE=2.*L
2500= LEI=LE/2
2510= U= (1.0,0. 0)
2520= bI=CE'P (CMPLX (0. -XI .PI iLE 1))
2530= DO 20 J=1._ILE1
2540= IDO 10 I=JM'LE
2550= IP=I+LE1
2560= T=X (IP) .U
2570= X(IP)=X(I)-T
2580= 10 X(I)=X(I+T
259 0= 20 U-U.II
2600= IF(XI.GT.O.) RETUFRM
2610= DO 30 r=1,ti
2620= 30 X:)=X)N(I/
2630= RETURN
2640= EMD

I
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Appendix B

Explanation and Program Listings for the Frequency
Response of the Far Field Scattering of the

Perfectly-Conducting Infinitely-Thin,
Circular Disk

The first computer program shown on the following pages cal-

culates the far field radar cross section and associated E-field for

the infinitely thin circular disk (Ref 9). A sample of the program

I/0 is shown after the program listing. The user need only input

eight variables for the initial case to be executed. They are:

1. KA = electrical radius of the disk = (2Tr/X)a.

2. THETA INCIDENT = e0 (degrees)

3. POLARIZATION = a (degrees)

4. THETA SCATTERED = es (degrees)

5. PHI SCATTERED = s (degrees)

WHICH VARIABLE IS TO BE INCREMENTED?

if 1 through 5: the variable associated with that index

above will be incremented

if 1 through 5: then only the initial case will be

calculated. In this event, the remaining

parameters are not requested.

TYPE NUMBER OF CASES: enter the total number of computa-

tions to be performed.
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WHAT IS THE INCREMENT?: enter the increment by which the

variable selected should be increased after each

execution.

All inputs may be made in free format. The program labels

the first column with the name of the variable to be incremented.

The second and third columns contain the cross sections associated

with the 0 and * components of the scattered field. The last four

columns list the magnitudes and phases (in degrees) of both the o

and 0 components of the normalized scattered electric field.

On completion of the cases desired, the program will ask for

a new KA and proceed as before. If a 0 is entered, the program

will terminate. If a -l is entered, a brief statement of the problem

geometry will be given. Following this statement, the program will

ask for a new value of KA.

The program works fine up to KA=15. For KA>15, a high

frequency approximation is used as is outlined in Chapter IV. The

program to implement the high frequency approximation is called

SCATTER and follows the I/O of the first program. The output

for 00=450 follows SCATTER's program listing. It is important to

note that in relation to the input parameters of the first program,

SCATTER is restrictive in the sense that it returns only the theta

coviponents of cross section and E-field and assumes the phi compo-

nents of cross section and E-field are zero (c=O). Also the incident

angle is equal to the scattered angle (backscattering) and is
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restricted between 00 and 900. It is also restrictive because it

will only increment KA.

Although the first program's output and the output from

SCATTER have values for the cross section and E-field from KA=I-25,

the first program is invalid for KA>15 and SCATTER is invalid for the

lower values of KA. What is needed is a program that combines the

two. This combination program follows the output from SCATTER. The

output from the combination program follows its listing. Note that

for KA<15, it uses values from the first program and for KA>15, it

uses values from SCATTER.

In the SCATTER program, the Fresnel Integrals were calcu-

lated using the trapezoidal rule for approximation. The values

obtained from the FRESNEL subroutine agree with the literature out to

three decimal places (Ref 11:34).
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1001= F'POGP~r1 ri T:J-24 (I NPLiT. 0OUTPULT' TAPE5= I NPUT, rPPE6=OUTPLIT)
I1 I =C FR FIELD :IATEYU3B A C IRCULAR MIETALLIC DISK(

130= COMPLE::F.? .dY0YTO.I::..ABCZ
140 1 IEPF4PT -EFRF -EFEFT 9 EPEPE:-'T T'EZNP
15 0= COMMONI EI G3 '' 50) F' D. C, * 50 ' r' ' D t- E 05 F' 91 (50: F4 f(50.
16 0= 1 5(0 5' i.P '50') ETA50iSt'ETAO 1 OA ,P SI (5 0): , W(5 0) ,YO (5j)
170= 1! YETPO (:50)A LI (:5 0) >:X ('5 0): R CMFH I (:5 0:) .,7-.MPH I (5 0)
1801= DATA LAPEL '1" '1 OH K A
1901= DATA LABELQ.2'1':H THETA I/
200= DATA LABEL (*--:) .'I OH POL /
210= DATA LABEL(:4)/10H THETA S/
220= rDATA LABEL (5::' /1 H PHI S
230= I:=(0
240= Wb.ITE (6,911)
250= 11 FORMAT (I X,'' 1< I "--SCATTER ING BY A METALLIC CIRCUILAR DI'SK"p

26C=1/9.r5," (HD'E -- VERS ION 12/17/'78:'")
270= W I..F:TE <E.p26):
280= 26 OMA(X, IX!'"(TYPE KR=0 TO STOP. PPoGRAM)"iv/q
290c= 11:<, (TYPE A-1FOP A DE.F'-IPTION OF THE".
300= I" PARAMETERZ'"' -, 1:!.: " NO~RMFL I.ZAPTION: ES7CAT=A+E INtC.ENO'M"
31 0= 1 r '.2.F' EX*P '-*J+P*-)R .'.i:5,l (AiLL ANGLES I N DEGRPEES)")
3201= 4 NOC=1
:4 3,C,= INDEX=l
340= IR I TE (6 927)
3 5 0= 27 FORMATQ(i, '.'r,"l. 1 KA'*q14X, "=
360= READ 590 .:' AR 'l
370= IF('VAR (1:'. E0:. -1)13 TO 41
380= IF' AFR'1:'.LE.0..G0 TO 5
390= WPR I TE (6.9 28)
400= 28 FOF'MAT(lX, "2. THETA INCIDENT=
410= READ (5,::' VAR (2)

430= 29 FOPMAT(1X, 9 -. POLARIZATION =
440 r RD (5,.:') VAR(.:'
450= WIPI TE (6 , 30)
460= 30l FORMAT IX94 * THETA SCATTERED =
470= READ "5' . VAR (4)
48A= W bIRTE <f-. 31 )
490=- 31 FOPRT': X."5. PHI SCATTERED =
500= READ (5.' VAR (5)
51 0= W I'T E "6.3"---'
520= 3 FORMPT' iX,'..- lX,"WHICH VARIABLE IS TO BE INCREMENTEDT")
5;30= PEPD'59. NVAR
540= IF ((N'..AP. LE. 0:'. OR. 'NVAP. GT. 5)) 3 TO 23
550= kWITE(6921)
560= 21 FOPMPT(1X "TYPE NUIMBER OF CPS.EO: *)
570= READ (5? *) NOC
580= lfiP I TE (6,932)
590= 32 FOF'MPTUlXq *I.HAT IS THE INCREMENT?")
600= READ '59,.:: VINCRE
610= 23 CONTINUE
620= lJR PITE (6924) LABPEL'.NVAiP:
630= 24 FO~r1~TIX .'/,AlO.4X. "CROSS -EC-TION"!22X, "E NORM"..',
640= 1 13X.. "SIGMrA/ 'PI.A*.2: 1X:.: "THETA", Ps.: 15e~ PHI"* P /9 13XF
650= 1 "THETA -.7XP "PHI" 9::<, "MPG",., 5X, "PHA.:E"-. SXq "MPG" , 5X,
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6.7 0- 6 C:=VP ' 1)'
680= tMi:.=45
79j nflIFMFX=45

710= THEO=VFAP ''.3. 14159/1S0
720=- ETPO=CD:: *THED):

73- 0 = THE=VAF''4*'3. 14159/180
740= ETA=C0:S (THE)
750= PHI =VAP .5) .3.14159'/180
.70=ALF=VAP ' 3' 3. 14159' 180

77r0= CALF=CO.: (ALF)
780 ~ :AL F I N(P "L F)
790= 34 rDO 1 0 M~M= 19~MMAX
800= M=MM- 1

810= I=
820= CALL SMNO(MFNNMr1Fs)
83 0= CALL DEE I GN~ (C r Mi Nrl*AX)
840= CALL OBC OFH '(CM MMIA::., tlliXI RPMAX)-
850= C:ALL rIHEi3 (C M 9 Nrtrl.A:.::)
860= CALL OBFPr' (C 9 1 I> 10 rIA NMRAX~ 1 PMAX)
S7Q= IF 10. ECJr' :'23 TO 10
?80 = CALL FP:: I 'ri NNMRA::.::
890= CALL F'OL~'11ETRORtl.IPPMAX:
900= C:ALL OPPr$' (NNMAX, I PPMRX:
91 0= rDO 7 I =19NNr*IRX
920= 7 SETRO(I:=S:ETS(I)
930= CALL R-1' M, NNr*4.I:
940= CALL POLYh (ETA, MIPPMAX)
950= CALL OE:A[$,3 LNMRXIPPMAX)
960= C:ALL FY riMrNr.1AX)
970= 10 CONTINUE
980= DO 13 mm= 1 mmmAx
990= CALL F:.:I .r*MMMr.1A::

1 000= I F(@MMA>:. LT. MM::'GO TO 13
101 0= CALL CS.PHI (iM'qPHI)
1 020= 13 CONiT INUE
1030= CALL F'MMXZBZD
1040= EPAFT=ETA. .- 2.Z.Cr1FHIh2)+ZA)I1050= EPPPP=-2..C MPH! (2) +ZB
1060= EPEPT=E TAi f2.Z**:rs1FH 1 (:2: -ZC)
1 A7 0= EFEP=-2..C M'rF'H 1 (2) +ZD
1080= IFf'ETA0.E0.0.)GO TO 2
1090= ESNT=2. IX. C ALF.EFPT...ETPO+3ALF.EPEPT) 'C
1100C= E~riF'=2.IX. 'C.LF*EPAPP/ETAO.ARLF.EFEPP)/.C
1110= GO TO8
1120= 2 ESr1T=E.IX.:.:LF*EPEPT',C
1130= E::NP=2.IX.A; LF+EPE'P.'C
1140= 8 EMAGT=CAPS7 (*ESNT?
1150= E M A GP= C A PS E' rP)
1160'.= :SIGTHE=EMPGT*EMPGT
1170= SIGPHI=EMPi3P.EMAGP
1180= E I=PEAL (EZ3NT)
1190= E2=AIMPG (ESNT)
1200= IF(E1.EQ.0.)GO TO 16
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I 0= EPHAFT =I o. 141 5, *TPNr .F'13:,
1)0 IF' *E 1 .LT. 01.:: .F441. (E2. (:-T. (1..'. EFT=EPHAT+18 0

1240(= I F (E 1. LT. .:i.F4. cE2. LT. 0. EPHRT=EFHPT-8I
12-50= G30 TO 17
12p 60= 16 EPHT=90
1270= I F('E 2.LT. 0. *,EPHA4T =-*0
1280= 17 E 1= PE P L-:ES NP)
12QQ= E2 = RI r-1 P 3 ( ' P)
13'00= IF(E1.Ec.0.>'30G TO 18
1310= APG=E2'/E1
1320= EPHAP=1Erw:3. 4159.APTAN(PG'
130= IF((E1.-T.(0.).AND. '*E2.63T. 0.>)EPHAP=EPHAP+18'
1340=- IF((E.LT. ... AND.(E2.LT. O.).:EPHP=EPHFAP-180

1350= 'G0 TO 19
1360= IS- EPHAF=QrI
1370= IF(E..LT.O.',EPHAP=-90
1380 19 IF (NVPPA. E0!. 0::' NVAP= I

13,:; C) IRITE(6.25) ...AP(N'rVAF,)*"ITHE .: I'3,PHIEM'3TEPHAITI
1400" 1EMA'3PPEPHR~P

1420= :37 IF <I NIEX. El'.NrOC:) '3 TO 4
1430= INrjEX=INDEX:+l
1440= VAR ' NVAR? =VPP (NVRP) +V I NC.RE
1450= GO0 TO 6
1460= 5 CALL EXIT
1470= 41 IR I TE(6 94 0)
1480= 40 FORMT(1X.,",,/iX-, THE DISK~ OF RADIUS A LIES IN THE X-Y PLRNE

1490= lIX, "CENTEPED AT THE ORIGIN. THE CONVENTIONAL (Rp, THETA,./
lxg

15 0= 1"PHI) COORDINATE SY13TEM IS U'-!ED IN THE FAR FIELD. ./IN
1510= 1 "THE PLANE OF INC:IDENC:E OF THE PLANE IdAVE IS THE"i 'q1X%
1520= 1".-/,- (PHI=OV PLANE. THE POLARIZATION ANGLE (POL) "p.',iXp
153 0= 1"OF ElM': IS MEAR.;UED FF[rM THE PLANE OF INCIDENCE */ X
1540= 1"IN THE PHI-DIRECTION. I.E.9 POL=( I THE PPLLEL"p,'.1Xq
1550= 1" (THETA) CASE AND P0L=90 IS THE PERPENDICULAR '.PHI)"P/. iX
1560= 1 "CASE."9 2Xf. THE RESUILT IS A SOLUTION OF THE PI'3OF'0LS"gzg
1570= 11:.XP"EI3ENFUINCTION- S3CATTERING PROB:LEM. ")
1!580= GO TO 4
1590= 42 CONTINUE
1600= G30 TO 4
1610= END
162 0=C
1630=C OBLATE SPHEPO I DL A4NGULR FUNCT IONi*S *OF ARGUMENT 0;
164 0=r, ORDERM, N; WdITH N-M EVEN; UF TO ORDER N=r1+2*NNMRX-2.
165 0=C (ECILIAL TO PMN (0 )
166 0=C
1670= SUBPQUT INE SMNO (r*1NNMAX)
168(0= COMPLEX F4
1690= COMMON0r EIG s50), '(:50,50::. iDNEG '50i) ,1(50) F4 50)
1700= ISO(50)
1710= T.O'1>=1
1720= IF(M.EOD.v.)GO:- T0 1
1730= DO 2 MM=1.M I
1740= 2 SO(1)=(2*MM-1)*SO(1)
1750= 1 DO 3 NN=1,NNMAX
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1760= 1N=2 ,NN-1: +m
1770= 3 :: (.tr.4+ 1) =- (N+M+ 1 :, .O (MN. (N-M+2)
178 0=  F'ETURN
1790= EN'D
1800=C
1810=C S " AND: CO:S':'INE FUNCTION.: OF PHI
1820=C
1830= :SUBROUTINE CC:.PHI (MM, PHI
184 = COMPLEX" F4. PC: I • 0l"O, "'ETRAO , .X
1850= COMMON EIG ,'5 :O', D (50, 5 0:,* DHEG *(50, 1 (50), F4 (50)
1860= 1, :.-O:n (50:) , P (5 0), :ETA 5., 0), :Z:ETRO (5 0), P:I (50), I (50) , YO (5 0)
1870= 1, YETAO (5 0).. U (50:', s:':: (5 , CMPHI (50) ,3MPH I (50)
1880= M=MM-1
18'90= CMPH I (riM) =CO: (MPH I)
1900= .MPH I (MM) =: I i (r.PH I)
1910= RETURN
1920= END
1930=C
1940=C OBLATE SPHEROI' AL EIGENVALUE>Z OF ARGUMENT C, ORDER MN
1950=C WITH N-M EVEN UP TO ORDER N=M+2*NNMAX-2
1960=C
1970= SLIB:OUTINE O'EIGN (C, MP NNMAX)
1980= COMMON El '(50:'
1990= DIMEN:SION IP' ,"),RLPHR (50), BET ::50), P(50)
2000= 4 CONTINUE
201 0= M2=2*M
2020= C2=CC
203 0= ACC=I. OE-05
204 0= NN2=NNMAX+2
2050= NI=NN2+1
2060= P(I)=1
2070= IP(1)=1
•2080= DO 2 I0!=1.NN2
2090= IV=2*100-1
2100= I II=M2+2 I C0.
2110= IX=M2+4* IQ.!-1
2120= ALPHA I Qc!= (C:2+(M2+ (2+I V- 1) +2+IV IV- ) -1) ) , XI: 1 -4)
2130= 1- (M+IV-I> •(IV+M)
2140= 2 BETA (IC'O+ I) =C2.,IX.SI'DRT(I'.#(IV+ I IW 1W(I W.- 1)X+IX-4. 0))
2150= BETA r'M2+ 1) = 0.
2160= BO=AB:S (ALPHR (1) +PBS: (.PETA (2))
2170= DO 3 I'00=2 NN2
2180= AO=AB::':BETR :l 0: ) +AE. ,ALPHA I .)) +AB. (BETA (100+1))
2190= BETA (I .00) =BETA Q110) +.BETA (I I0)
2200= IF (AO. GT. B0) BO=AO
2210= 3 CONTINUE
2220= AO=-BO
2230= BO I=BO
2240= 13 CONTINUE
2250= pO=BOl
2260= DO 20 100=1 , NNMAX
2270= N=2* IQQ-2+M
2280= A=AO
2290= D=BO
2300= IERR=-I
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232 0= cc pp .2
23 0=- I F ':CO'l 5 0 22!, 5 0

2340= 50 EPP= (P-RiP :CO
2350= IEPP=IEFP+1
2:3 60= I F (I EPP-.:I0') 4 1. 1-41

42370= 41 IIFITE(6942). N
2380= 42 FOPr.AT (2:.:, ITEPATIONS EX:CEEDED FOP EIGENVALLIE *'113)
2:3s0= 6O TO 700
2400= 40 IF(EPP-ACC)24p24p22
2410= 22 P(2)=FiLPHA'1"-CO
2420= DO 5 I=35NI
2430= P. I)i=(FLHAI-1)-CO-BETI-1)P(I-2)P(I-1))).P(I-1)
2440= PMAG-ABS (:P (I))~
245 0= IF (PMA3. GT.1. 0E+33) 6O TO 7
2460= 5 CONTINUE
2470= 12 CONTINLUE
2480= DO 6 I=29NI
2490= IF(P(I)) 1498!19
2500= 8 IF(P(I-1))999914
2510= 14 IP(I)=-1
2520= G~O TO 10
25:30= 9 IP(I)=1
2540= 10 IF(IP(I)-IP(I-1))64 11-.6
2550= 11 II;.=IIS+1
256 0= 6 CONTINUE
2570= IF(II:&-IQQ)16,115915
258 0= 15 A=CO
2590= GO TO 21
2600= 16 B=CO
2610= GO TO 21
262 0l= 24 F1O=CO
2630= 700 E I G -I r.) =-CO
2640= 20 CONTINUE
2650= RETLIPN
2660= 7 NNMPX.:=I-4
2670= riI =NNrMAX+3
2680= 6O TO 4
2690= ENDI 2700=C
271 0=C OBLATE 'SPHEPOIrIAL EIGENFLINCTION EX:PANS.ION COEFFICIENTS
2720=C O3F APGLUr*ENT C; OPI'EP M.N.R; IJITH N-M EVEN, LIP TO OPDEP
273 0=C N=r.+2.NNMAX::-2, R=2*IRPMPX+2
274 0=C
275 0= SLIBPOUT INE OUi:OFN 'C Mgt- MiXNNMAX.. I RPMAX)
2760= COMM~~ON El 1')P : ,D(50,50)

2770= DIMEr:2IO N DP(50)
2780= C2=C.C
2790= MM=M+1
28900= DO 1 NN=IPNNMAX
2810= N=M+2.NN-2
2820= 4 DP.(IPPMAiX+S)=0
2830= DP (~I PPr4A:<+2R I 1 OE-3 0
2840= D(NNF1)=0
2850= D(NN92)=1
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2,86 0= I.J= 'N-M)' 12+1
E870=DO 107 LL=IPIIA>:X

2 880= ( L=LL-1
2890= IF (LL.C E. JJ). L= IPPMAIX+ JJ-LL
2900= IP=2*L
29 10= IPM=M+IR
2920= A4P= 'M+ I Pr+2) '41+1PM+ 1) .- ' (2.1 RM+3'-,) *(2.1 R4))
2930= B=.21P.' 1+)-.1M C'(21P-)
294(1l= 1 (?* 1 PrM+:3Y*' ), - I PM+ . I FPi+ 1)

2960 = I F (LL-.JJ)* 1 05' 1 06' 1 06
297 0= 1 05 ri (JNN L+:3) =- * (CP r NH L+ 1) + (BR+E 16 (NN) .D (NN~ L+2)) 'AR
2980= t'MAGC=ABS'- (D' (N L+3):')
299 0= IF(DMAiG.GT. 1. 0E+30) GO TO 3-
3000= G0 TO 107
301 0j= 1 06 liP (L+ 1) =- (AFP.IIP (L+3) + '$BR+E 16 Gm (N) .t'P (L+2) ) CR
3020= tMAG=ABZS (DP (L+ 1) )
303 0= IF 'riR1A. GT. 1 *OE+30,) 601 TO3 3
3040= 107 CONTINUE
3050= r'L=ABC. (1' NN'JJ+1))
3060= DL=ALOG1 0 DL)
3070= DLP=AK*'ti(P QJ 1))
3080= IiLP=ALOG1 0(t'LP)
309 0= t'L =A R (D )
31 00= r'LP=AP (t'LP)
3110= DL=l'L+DLP
3120= IF(DL.G-T.30.) GO TO 5
3130= CON=I(NN! JJ+ 1)/DtP (jj+1)
314 0= ACDr4=AB:* (CON)
3 15 0= IF(AiCON. GE. 1. 0E432) 60 TO 2
3160= Do 118 J=.JJ' IRPHAX
3170= 118 1' <N, J+2) =CON.DP(J+2)
3 180, = F=1
3190= IF(M)198P198,199
3200= 199 t'O 110 I=1pM
3210= 110 F=F.(M+I)
3220= 198 SUM=OI 3230= MMX=I RPMAX+ 1
3240= Do 113 I=1'MMX
3250= IR=2*I
326 0= $LIM=::IM.F*D (NHN1+1)
3270= IF(I-JJ) 11391979113
3280= 197 FNM=F
3;290= 113 F=(-F*(IP+2*M-1)IR
3300= AiLF=FNM'SUIM
3310= 1D0 114 I=1'MMX
3320= D (NN~ I ) =ALF*t' (NNMI 1+1)
3330= 114 CONTINHUE
3340= 1 CONTINUE
3 35 0 = RETURN
3360= 3 IPRMAXLL-1
3370= S0 TO 4
3380= 2 IRRMrh1:=IPPMAX-1
3390= GO T04
3400= 5 NNMAX=NM-1
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341 11= PETURN
3420= END
34'? Q=C
34!5(0=C NEGATIVE Di COEFFICIlENT LBPROUTINE

346. 0= SUPPF:OIT I NE DNEGtI4 C * NNMAX:
3470= C:OMMrON EIC'3 <50'i::' D '.50, 5r:j q rNE'3 (50)
3480= DO 4 NN= 1q NrMAX
3490= C-=*
3500= IF(M.'3E.1) GO TO 2
351 0= DO 5 11=1 NNMAX
3520= 5 DNEi(II):=D (I I ,1)
35:30= '30 TO 3
3540= 2 F.1=1. 0
3155 0= pe=o. 0
3:560= EI=EIG('NN)
350- DO 1 IRR=1~m

3580= IR=2*IF:R-2+M-2
3590= AP= (2*M+ IPF+2) + (2.l+ IR+ 1) +C2/ ( (2*M+2.I R+3)
36 00= 1* (2.M+2.IP+5:i
361 0= FR= (M+ I R:e .'M+ I R+ 1 :-El -<2. <M+ I R) (M+ I +1) -2.t.M- 1)
3620= 1 .C2/ < '2.M+2. I - 1:: .(2.M+2* IR+3) :
3 6!-. Cr= (I R:) + (I P- 1) .+:2/. ( (2.*M+a. i +-: (** M.r+2+ R - 1):
3640= F F2
3055j 0= BFF1
:3660= 1 F 1 FF.B2-cFA.B3)/.AR
367 0= H-D'.NN 1).'Bl
3268 0= rirEG QfiN) =A
3E.90= DDt1 HABS (DNEI3 (NN) )
3700= IF(DDM.LT.1.OE-35) GO TO 6
371 0- 4 CONTINUE
3720 3l RETUIRN
'-730= 6 NNr*1X=NN-1
3740' RETURN
3750= END'
3760=C
3770=C OB:LATE S~PHEROIDAL RADIAL FUINC:TION P (4) OF ARGUMENT C;
3780=C ORDER rMiqN; WI1TH N-M EVEN* LIP TO ORDER N=M+2.rlNMAiX-2.
3790=C ALS:O NORMALIZATION FUNCTION9 N.
3800=C
3810= ;UBF'OITIrE EPAD 'CPMlM~ .MMHX' NrtiM-1I PMHX)
3820= COM~MON EI113 5 0' qD 50 *50 * DH-EI3 -s':':), F 150) ,F4 (50)
3R:30= COMIPLEX: IXqR4fF4
3840= I::= (0. 091. 0)
38 50= EEAC=1
3860= EAC=1I
387 0= EAC2=1
31380= GRO=1
3890Q= IF(M.EQ.0) GO TO 20
3900= MAXM=M+ 1
391 0 DO 19 MM=2, MAXM
3920= IM=MM-1
3930= GPO= (2*IM-1) *(2*IM)*rzPO
3940= EEAC= .:2*IM-1)*.;EAC
3950= EAC2= (2.IM-1) .(2*IM) .EAC2
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3960= 19 EAC=IM*EPC,
39 . *0 = IF('EERiC.GE.1.0E+17) GO TO 4

39 0= I F(ERC 2. GE.1. OE+SQ> GO TO 4
3H @= *:0 110 17 N - i MPX

4000 r4=* M--1) +M*
401 0= :t'=i-
4 (2 0= GP=iG-PO
4 AS 0= ENOF'M=O:.
40)40= D'O 18? NP=1, IPPM*AX

H4050= I p=a* (N-4 I)
V~ ~ 406' SLIMP='3F.D (rNNP)

4070= :LM = SU M + S' Ll MP
4080 A tMAt3=AP (fl (N4N rP ):
4 09" IF (DrMA'3. LT. 1. OE-'30) '30 TO 1
4 41 L)f) ENOPrlP=2.'3P. (D' .:rAN9 Nim. ): . , (.2.IP+2.M+I)
4110 2' Er-4OPr=ENOoF-1+EriOPMP
4120= GRMAG=F2: (GP):
4130= IF (GPMAG. GT. I. fE+30) '30 TO 5
414(" GR= -(IP+2.M+ 1. :: ':IP+1 . (':IP+2~.+a. )/fI p+a. *
4150'= 18~ CONTINUE
4160= P1 (NN) =(-1) .. (NN- 1:' 2*.EAC*C:*Ml.rI NN91)/(- (2+M+ 1) *SUMlr)
4170= P2= '-I) .. 'NNt-1) * '2*M- 1) *EAiC.C*. M- 1). (2.ERC2) 3. 14 159
418(1= 1 * (EEAC .. 2Z"*Ml 'CL*' 2*..ri JiNE (NN)'
4190= pp2=pFS (P2)
4200= IF(PFP2. GE.1. 0E+3-0) GO TO 4
421 0= EEAC= (N+M+1" *EEA':.' (N-M+2:'
4220= IF(EEAC .GE. 1. OE+17) NrNrMA::=NNr
4230= P4=P1 (NN -IX*P2
4240= 85=RPS ENOPM)
4250= A I=ALOG 10(R5)
4260= A4=RBS P2)
4270= A2=ALOG1 0 F44
4280= 83=A1+R
4290= IF (AS. GT. 3" 0' GO TO 3
4300= A5=AP1 Pr (NN))
4310= Al=RLOG11,tH5i
4 320 = A 3= AES ( H1 )+H A S(A -_)
4330= IF'A3. GT.3A ) GO TO 3
4340= F4 'MN::'= 1 ' ENORM*P4)

45=17 CONTINUE 0.

4460= ROETO1N
44170= 1 ENPMP-
44280= '30 TO 12
430= 4 4(N = (0.A:: 0.
4440 0 T17

4450= RETURN

4460= END$t
4470=C
449.0=C PSI FUNCTION
4500= SUBR~OUTINE FPSI(MYNNMAX)
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4510= COrMPLE: I::,F4PSI
452 Q= COMMONr E I ,.:50." ,D. 50,50:, * -NEG ,: C),, F' 1.'50. F4 (5O)
4530= 1, :30 (5 0:, P (50) 9:7"ETA ,50 , :ETAO (5 0') PS I (50)
4540i= IX= (0'. 1 1.:
455@= MM=M+1
456 0= P, I ,: MM) = (0. ! .
4570= DO 1 r'r+=l1 r4rM'X
4580= N=M+2*Nr-2
4590= FS I (MM) =P:'. 'M*: + I X** (4 (-.:O (i-4)4 *2F4 (NN)
4600= 1 CONTINU.E
4610= RETURM
4620= END
463 0=C
4640=C ASSOCIATED LEGENDPE POLYOMIALS, OPOF AFGUIErT ETAD;
4650=C ODERPMN; WITH N-M EYEN; OF TO ORDER ri=M+2.MMF.X-2.
4660=C
4670= :UBROUT I NE POLYN (ETRO, !. NNMA:)
4680= DIMEN:S ION F'P (3)
4690= COrM1PLE::X F4
4700= CorOIMOr EI,(50); D" 5050:. ,INEG (50> ,R (50) ,F4(50)
471 0= 1,:$:O (50. P ) (5 ')
4720= S:O.=.RT (1-ETAO*ETAO)
4730= PP (1) =u
4740= PP(2) =
4750= IF (M. EQ. 0 GO TO 1
4760= DO 2 L=1M
4770= 2 PP (2) = (2*L- 1) <'0*PP (2)
4780= 1 P(I)=PP(2)
4790= DO 3 NN=2,NNMAX
48001= =M+2*NN-3
4810= DO 4 L=192
4820= PP(3) = ( '2*N-I) .ETRD.PP (2:- ('i+M-1) .PP (1)> (N-M)
4830 = N=M+ 1
4840= PP(1)=PP(2)
4850= 4 PP .2 =PP (3
4860= 3 P (MN) =FP (3)
487 0= RETURN
4880= END
4890=C
4900=C OBLATE S:PHEROIDAL PNGULLR FLNCTIOn Sp OF ARGUMEMTS
4910=C C AND ETRO; ORDER riN; WITH N-M EVEN; UP TO ORDER
492 O=C M=M+2.NNMr.AX-2.
4930=C
4940= SUBROUT I PE OPNG (NNMAX R I PPM..)
495 0= COMPLEX F4
4960= COMMON EI G (50), r, (50, 5O0) ' DNEG (5 0) P 1 (50), F4 (50)
4970= 1 9 ,5 0) , P (50) :.:ETA .5 0:., ::ETA (5 0.)
4980= DO 1 NN= 1, MNMX
4990= :ETA (NM) =0
5000= DO 2 IRR=,IRP.MPX
5010= 2 SET (NNM). =:ETA ':1NM +] (rNM, IPP) P (IRP)
5020= 1 CONTINUE
5030= RETURN
5040= END
5050=C
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5 0, O=C 4 FUNC:TION
50( O=C
50:', 1= :II : LIIT I N'E F!,I ,:tr1, r h Fl:x.,

5 (19 0= COMPLE,. I :::: F41[ 'T' SI
51 (0=- C:orMr.orN E 1 G ,5 , r1) ,, S 0, 5 (:., DNEG :5 0:,, F 1 (5 :'* F4 (5 0::
511 0= 1 :O ' 5 ' :, F , =, 0 : ETR 5 :, ,: ETRD '5 ( :,, P'-: I (5 *) 1 (5 0)
5 12 0= IX=':O. ,1.'

51 :@= mM=M+ 1
514 0= W, ,:r,: = ,: .. 0. :

5 150= 'O 1 NN=1,rrMA.
.516 O= =M+2'rIN-2
517 0= 1 IM. ,:) =.l1 ,Mr,!::, + I (:..r:N ET* (NN:: *.:rl F4 (NN)
5180 =  .ET.IRN
5190O= ENDI
5200=C
5210=C Y FUNCTIOrN
522 O=C
52:30= SUPOUT I NE FY (M, rMA::'
5240= COMPLEX F4O, YETAiO, P: I
525 0= COMMON E I G (::50., I' (,"5 0,5 0:' DNrEG e5 0:::, , P1 (5 0) 9 F4 (5 O)
5260= 1 , .SO (5 0) !, P (:5 0::, :ETA (5 ::' , :ETAiO (5 0::', PS1 (:5 ) '..I (5 O)., YO (.5 0)
527 0= 1, ETRO(:50::,
5280= MM=M+1
5290= Yo :MM) = :0. , O.
5300= YETF A0(MM) = .0. .)
531 0= DO 1 NN=l, NNMF!X
5320= ri=M+2+.NN-2
5:330= YO (MM)1:' =YO (MM):' + (- 1 :: **NP 1 (N:r -:On ,:' 0:, $:ETFR ,:N{::, *F4 (W>
5340= 1 YETAD MM) =YETAO (MM) + (- 1) ++*N 1 (NN) *:ETAO (r:: *::ETA (NN) *F4 ,:r

)

5350= PETUIN
5360= ENI
5370=C
5380=C S RND U FUrNcTIOMS:
5390=C
5400= SIIF:FOLIT I NE F::-U ,M, M'IMAX)
5410= COMPLEX I::', F4, P1 .II, IYO .YETAO. LI, X, PT
5420= cOMMON ELL:::0) 1 :1. 50::, , ::50) '.':50", .
5430= 1, 0:] (50) P P (50::) , SETA ,(5 0)1: . :ETAD( 5 0::' , PS:I (50), I' 1 ,(i 0 YO (50)
5440= 1, YETAO f'5 .) I_1 (50) 9 X (r50)

5450= IX= (0. • 1.)
5460= IF,tMM.EQ.l 1 GO TO 1
5470= IFMM. E' .MM.... G0 TO 2
548 0= FT=P I 'M- 1M 'F'S I ,::M+ 1)
5490= PTT=CRS(:'FT:
5500= IFPTT. EQ. ) GO TO 3
5510O= U (MM' =.* I X** , ,M-21 * (.0 (Mm- 1) +1.1 :Mm+ 1) ') / (P I (MM- 1) +P,. I (Mm+ 1 '
5520= X (MM).I =2* *M--2: * (1.1 ,:rlM- 1:) -II (,rlm+ 1 ) / (PSI MM- 1) +PS: I (Mm+ 1 ):
553 0= PETUPN
5540= 1 U I =-I X. (2.'pI (2)
5550= X (1) = (0..,,0.)
556 0= PETLIPN
5570= 2 U (MM):: = I :, (MM-2) *2.I ':(MM- 1) /Ps I (MM- 1)
5510 0= ':M =LI 'fMM)
5590= PETLIRN
5600= 3 MMMAX=MM-1
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5. 0- PETURN1
5620= END'

564 O=CFLNCTIONC:*

5A 0=:LIBPOUT I HE FZ 0MAr'F4,2 ZA, 21, 2' "H'O
6"" COMPLEX I X Ii,,,,C2,qPIh.sETOLX

5tM,80 COMM10N EI '3 (5 rD ':0 50) NrE'; (:5 1-o P 1 f~5 C0 F4 (5(i)
5 -, *9 1= I $0S (5 ") - P: A:. 0) - ETA (5 CC :::-?ETAO -' 0) PS I i'5 ( , W~ f5 0" YO '5(0)
57001= 1 , YETAO (5(i) ,1 (I':5 0)- f' () CMPH 1 (5 ci): , MPH 1 (5 0)
5710= IX ,0
5720= Z= (. '0.)
573 0= 2A=2

540= 2B.=2
5750= 20=2
9760= 211=2
5770= MAXMM=MIMMA"- 1
9"7 fl= DO 3 mm= 1 m1Fxmm

5800=( A=2
5810= B.=i
5820= C-i
5f:-'0= IFMM.EQ. 1) A=i
5e4 C= IFiMEO.2) P=2
5850 = IF' MM.EQ. 2) C:= I
5806 0= IQ= I .*+ (-Mi)
587 0= - .+A*YETAO (MPM) *0MPH I (M)
5880= IF'MM.EO.i*) GO0 TO 2
59 0= H H="'+ 10* (LI ':MM+ 1) .0:MPH I ('MM+ 1) -B.LI (*MM-- 1) .0-MPH!I (MM-1))
5900= i.YO' Mm)
5910= P PZ+ 10. (UI(MM+1) .SMPHI (MM+1) +LI(MM-i) .$-:MPHI (MM-i))
5920= 1*YO,'MM"
5930= ZCC+ 10* (X (T'1T'+ 1 ) *-'!:MPH I (MM1+ 1) -X: (Mr-- 1) *$"MPH I (M-))
5940= irO..M)
5950= 2D=2t'+ 11.) (X 'MPI+ 1) *Ci'IH I ('MM+ 1) +0.::.::(MM- 1) *CMPH I (MMl- 1))
596 0= i+tO (MM)
5970= GO0 TO 1
5980= 2 2A=2A4-U( (2) .0MPH! '2) YO (1)
5990= 2B=2B+IU (2) .$M-rPHUE() YO (1)
6000= zc.=ZC+M2)a:MPH! '2') YO' )

6020= CONTINUEO(I
6030= 1 CONTINUE
604 0= PETUPN
6050= END'
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$CATTEPIrG' I 7 P METALLIC CIPCULFtP r'Icv
*HIJrIiE -- VEF-: IO 12.1.--:?)

(TYPE VI'=O TO :r--:T PF'PGF'M)
(TYPE VA=-l FOP DE:.PIPTIO4 OF THE PAPr.ETEPC')
(NOPMRL I ZAT I ON: E:: CAT=A.EI rC-EFNPM.- '2F.' .E:.P <-.V +E. )
(ALL ANGLES IN DEGPEE.)

1. KA =I
2. THETA INCIDENT =45
3. POLAPIZATIO =0
4. THETA :ICATTE.ED =45
5. PHI SCATTERED =0

IWHICH VAPIABLE I:S TO EE INCPEMENTED?I
TYPE NUMBER OF CASES: 25
IWHAT IS THE INCPEMENT?I

KA CPOVS SECTION E NOFRM
s I GMR,- P I *A*+2) THETA PH!
THETA PHI AG PHASE MAG

1.00 .351E+00 0. .593E+00 -22.65 0.
2.00 .903E+00 0. .950E+00 -110.86 0.
3.00 .263E+00 0. .513E+00 148.85 0.
4. 00 .353E+00 0. .594E+00 85.18 0.
5. 00 * 34 E+ 0 0 0. . 578E+00 -:3. 41 0.
6.00 .447E+00 0. .669E+00 -105.6$ 0.
7. 00 .149E+00 0. .387E+00 148. 0 0.
8.00 .728E-01 0. .272E+00 58.53 0.
9.00 .659E-02 0. .812E-01 43.29 0.
10.00 .194E-01 0. .139E+00 -45.88 0.
11.00 .534E-01 0. .221E+00 -9-. _ 0.
12.00 .456E-01 0. .213E+00 167.71 0.
13. 00 .102E+00 0. .319E+00 87.48 0.
14.00 .627E-01 Q. .250E+00 -11.15 0.
15.00 . 982E-01 0. .313E+00 -103.23 0.
16.00 .637E-01 0. .252E+00 159.30 0.
17. 00 .570E-01 0. . 239E+00 --6.09 0.
1:3. 00 .119E-01 0. .1 09E+00 21.45 0.
19. 00 . 800E-02 0. . 894E-01 -127.06 0.
20.00 .244E-01 0. .156E+00 124.65 0.
21.00 .122E+00 0. .349E+0O SS.27 0.
22. 00 .172E+00 0. .414E+00 71.90 0.
23.00 .631E-01 0. .251E+00 10.06 0.
24.00 .116E+00 0. . 340E+00 -120.81 0.
25.00 .164E+00 0. .405E+00 72.44 0.
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AD-ABSO 367 AIR FORCE INST OF TECH WRISHT-PATTERSON AFB OH SCHOOD ETC F/A 17/9

PREDICTED MICROWAVE ELECTRO-MAGNETIC BACKSCATTERING RETURNS FOR -ETC U)
DEC 79 F D IBAR TOLOMEO

UNCLASSIFIED AFIT/GE /EE/79D-11 NL



I100= PPOGPPF'r~CATTEPQNIrPI!T. ERTPLlT)
110= COMPLEX ' K.F . 1*P.F iL'.X .ECT
120= PEAL P1 ,THETH.M.B-t'E1 .E2,F1,F2,G1 ,G2,Cl9C29KA9
130= $:S1,:2,i:'TlT2 * P'9.V.1.1IEP. rMrlF:Jg, r. MBc:J1 eMMBc.J2
140)= t I P!E N 710 E71C ATM f 10.:' ANiGLE (I 0, GA 10
150= PE~r*'THETA4-r GpIo0

*160= P1=3. 14159
170= THETA=('THETAt.'360. : . 2*PI
180= KA=0.
190= R=1.414214
200= PB=-(PI/4)
210= IDo 20 I=1925
220= KA=KA+1.
230= =* 2*A/PD*(1..
240= El=CO((PI/4.) - (THETA2.))
250= E2=CO' -. '(PI1/4.*) + THETA/2.))
260= F1=ABS (E1
270= F2=RPS E2)
280= G1=t'.FI
2901= G2=D*F2
3100= CALL FPEctNEL (G1,CIV1)
31 0= CALL FPEZl;-IEL (G2 C:2, c2)
S20= H=C MPLX '0.pB,

330= H=CEXP H)
340- F'1=CMFLX (Clg, & )
350= P2=CMPLX (C2, S2)
360= 81=A.H.PI
370= A2=A.H*P2
380" ARG=2+KA. (:IN 'THETA))
39r0= V= (1 + S:IN (THETP:. :) -(2.C Ii (THETA))'
400= W=0( - S&.IN (THETA"))/ (2.i IN (THETA))
410= ME~2 .. ,P,.M:1 (APi I EP:' - MMB:J 0 (A~f.:GI EP)

430= Y=(I.28 11-'2..2) .V)*M.MBJ2
440= = p.
450= Y*
460= Yl=REAL (Y)
470= Y2=AIMAG (Y)
480- X1-PEAL(X)

500=n ESrAT1 "1 *V
510= ESrAT2-:-2-Y2
520ri ESCAT r MPLv'ES CAT 1 *ESCAT2)
5:3 0= E-CAT=E r.AT.
540= ES'liT=-ESAT

550= E'r'TP=PEAL tESCAT)
560=i E ' HTI-PIMPG(ESCAT)'
570= E* CTM'I'-' 'E,--:A~TP..2.:' + .ECATI*2.))..'1./2.)

590= HN'GLE-ATAN 'ESCAT I /ESCATP)
600= ANGLE' ('= 1) PtN3LE) '2+PD.)*360.
610= IF (('ES*CATP. LT. 0.' ) ANII. (E$:CATI. GT. 0.)) ANGLE (I)=FANGLE (I)

80.
620= IF((ESCATP.LT.0.:).FAND. (EZ:CATI.LT.O.)) ANGLE(I)=ANGLE(I)-

80.
630= 20 CONTINUE
640= KA= 0.
650= PRINT30
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660= 30 FO'MPT11,..,8. "(I* • 7X, .*:I GMA/P I 2", 14X, "E$CAT"t'
670= :?'X, "PG" P 9X' "PHA'.E")
680 DO 40 I=1.25
690= :A=KP + 1.
700= PPIrT50, kPZ I GMP ,'I) , ES:CATM (:) ! ANGLE (1)
710= 50 FOPt..T.. F7. 2! 5X, El0.3, 7X, El0.3, 5X F7.2)
720= 40 C:ONT INUE
730O= STOP
740= END
750= SUBPOUTINE FPE NEL (A C, S)
760= DIMENSION '.2000:." : Y 2000)., ZX (2000), ZY (2000)
770= INTEGEP NDIM
780= IF((A.GT.-0. 01) .rD. .(R.LT. 0. 01>)GO TO 6
790= GO TO 11
800i= 6 C=0. 0
810 = S=o. 0

820= GO TO 4
830= 11 H=.01
84 0= BB=AFB.: (RA)
e50= NDIM=EPB/H + .1
860= K=NDIM+I
87'0= DO 10 I=19K
880= A=I*H - H
890= X (I) =cr1: (I1. 57 08 0* (PI**2. ) )

900= Y (I) =:-: IN (1 . 57080, (*2. ) )
910= 10 CONTINIUE
920= SL'UM2=O.
930= SUM4= 0.
940= 1 HH=.5*H
950=C
960=C INTEGRRTION LOOP
970= DO 2 I=I.,NDIM
980 = .".UM 1 =:SUM2
990= SUM3=:SUM4

1000= SUM2=:SUM2 + HH+ X(I:'+X(I+I))
1010= :.UM4=C*UUM4 + HH*('Y(I)+Y(I+1))
1020= ZX (I>=SUM1

103 n= 2 ZY (I) =:SUM3
1040= 3 ZX (NrD IM) =S:UM2

1050= ZY(NDIM) =.:UM4
1060= 7 IF (PP.GE.0.1) GO TO 8
1070= C= (-I. )*ZX (NDIM)
1080= I= - . ) *ZY (ND I M)
1090= GO TO 9
1100= 8 C=ZX(NDIM)
I1I110= $:=ZY (ND IM)

1120= 9 CONTINUE
1130= 4 RETURN
1140= END
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KR SIGMR/P**2 M AG PHPSE

1.00 .409E+00 .640E+00 -. 09

2.00 .104E+01 .102E+O -92.45

3.00 .370E+00 .608E+00 2.59

4.00 .700E+00 .837E+00 105.75

5.00 .297E+00 .545E+00 -165.44

6.00 .265E+00 .514E+00 -67.00

7.00 .84SE-01 .291E+00 14.66

8.00 .714E-01 .267E+00 100.69

9.00 .226E-01 .150E+00 147.33

10.00 .240E-01 .155E+00 -120.14

11.00 .444E-01 .211E+00 -80.24

12.00 .340E-01 .184E+00 12.08

13.00 .980E-01 .313E+00 90.71

14.00 .652E-01 .255E+00 -178.69

15.00 .110E+00 .332E+00 -85.81

16. 00 .563E-01 .237E+00 1.94

17.00 .676E-01 .260E+00 94.77

18.00 .253E-01 .159E+00 168.41

19.00 .275E-01 .166E+00 -99.14

20.00 .169E-01 .130E+00 -51.91

21.00 .138E-01 .117E+00 45.27

22.00 .294E-01 .171E+00 97.22

23.00 .199E-01 .141E+00 -174.10

24.00 .513E-01 .226E+00 -91.91

25.00 .330E-01 .182E+00 -5.07

vi
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1 00= PROGRAM rnI: t ' .C(I NPULT, OUTPUIT, TPRES=lIt4PUIT. TAPE@ODUTRUT)
110=C FAR FIELD TXATTEPIN'3 BY A CIRCULAR METALLIC tDISK
120= PIMETCION LABEL '5' YP '5"
130= COMPLE:X F7 PC,' 0 YTO .x,2 A BFZCpZD
140= 1' IXEPAF'T *EPAPe -EPERT EPERR. E*7-t4T, ESNR t
150= COMMON El ' r(r' * F '.5! 50') ~r E'tE' '5@) , R1('50)FF4 (50:.

170= 1 EA :: L 5 5)~CPI.0 M'I(0
180o= DATA LAEL')/1OH KA /

190= DATA LAPlEL'Z"/10H THETA I/
200= DATA LAPlELc3,)/1OH POL /
210= DATA LABEL'4/1OH THETA S/
220= DATA LABEL (5" '10(H PHI S /
230= IX=(O..1.)
240= WRI TE(6 911)
250= 11 FORMAiT (iX/.' lX,"SCAiTTERINGz BY A METALLIC CIRCULAR DIZ~f
260= 1',5XP*"'HODGE -- VERSION 12/17/78)")
270= WPRITE (E-. -26)
280= 26 FORMATQ(X,"', lX."(TYPE K A=C0 TO S-,TOP PROGAM)".',
290= 1 1Xg "(TYPE VA=-1 FOR A DESPIPTION OIF THE".
300= 1" PARAIMETERS ) "*.'. X. (NOPr'1LI7ATIDN-: EZCAT=A.E INC:+ENO'FLr
10 = 1V/(2R).EXP'-JflKr.)) "-,'.lX." (ALL ANGLES IN DEGREES').
320= 4 NOC=1
330= INDEX=1
340= WPRI TE (6 27)4
350= 27 FORMAT(1X,///.1Xq*"1. KA',14X-"= ")

360= READ '5,.) VAR ()
370= IF'VAR(1).EO.-1)GO TO 41
380= IF(VAR(1).LE.0.)GO TO 5
390= WR ITE (6 928)
400= 28 FOPMAT(1X, 2. THETA INCIDENT =
410= READ (5,*) VAR (2)
420= WR PI TE (6.4 29)
430= 29 FOPMATQfX"3. POLARIZATION = )
440= READ (5,*) VAR ()
450= WR I TE (6,p 3 0)
460= 30 FORMAlTPA:::q,*"4. THETA SCATTERED =I 470= READ C5.*) VAR (4
480= W ITE(6.93 1)
490= 31 FORMAT(1Xq"5. PHI SCATTERED =
500= READ (5,.) VAR (5)
510= WPITE (6,43)
520= 3 FOFMAT (lXs/"/-lW, WHICH VARIABLE IS TO BE INCREMENTED"""
530= READ '5'.) NYAP
;4 0= IF( NVAR. LE. 0' .OR. (NVAP. GT. 5):)GO TO 23

5 5 0W IRTE(6 42 1)
560= 21 FORMAT 'iX. "TYPE NUMBER [IF CASES:")
570= REAiD(5; *) NOC
580= WR IT E (6 932)
590= 32 FOPRTQ(X,"WHAT IS THE INCREMENT?")
600= PEAiD':5..,) VINCRE
610= 23 CONTINUE
620= WRPITE "6'24) LAFEL 'NYP"
630= 24 FDRMAT':1:.<.,,.Alo4:<"CROSS C--ECTION".22X!."E NORM",',
640= 113X,"SIGzMA(PI.A..*2)",11X,"THETA".15XC'PHI".p/,13Xo
650- 1 "THETA", 7X-) "PHI" 98Xq "MAG" 5X9 "PHASE"i,6X9 "MAI",5Xq
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67,0= 6 C=VAP 1)

n9 N4MRX=45
00= IPPMRX=4!5

710= THE0=VAP '2) *3. 14 159/'18 0
720= ETAo=Co: 'THEO*.
730= THE=VFP'4 14159/ 18 0
740= ETA=COC 'THE:'
750= PHI=VRP"!5"*3. 14159?/180
760= ALF=VAP '3) 3.14159z'180
770= CALF=CDS ALF)
78.0= $.ALF='s IN~ (ALF)
790= 34 riO 10 rMrM=i P *IAX
%-" 0 = M=MM-1
810= IQ~o
820= CALL 3r1NO (r1g rMRX)
830= C:ALL OPE I 3Ct,MPNNMAX)
840= CALL OBC DFH 'C. -Mr-IRMXNrtrAX,IPFPMAX)
850= CALL t'HEGN(ICO H1 rNNR'1:):
860= CALL OBPAD 'C pMe I iPMMMAX' iNNMAXPIPPMAX)
870= IF(Ict.EQ. 1)'3 TO 10
880=CALL FPS I(MPN.NM*AX

8.90= CALL POLYW 'ETFO, M IRPMAX)
90(1= C:ALL OBPNG '3*NtrtIr A:, 9 1PP1AX:
91 0= DO 7 I =1 .t-rM1AX
920= 7 SETAO(1) =SETA (I)
930= CALL FWn(M qN 4MX)
940= CALL FOLYh (ETA' MeIPPMAX)
950= CALL OE:A~tN MAX:IPPM>

96= CALL FY (MqNNM~rAX::
970= 10 CONITINUE
980= DO 13 PMM= 1 ,MMMAX

990= CALL F::U.~rM1r*MMAPX)
1 000= IF(MMMAX. LT. rM::''3 TO 13
1 01 0= CALL C:&PHI(MM, PHI
1 020= 13 CONTINUE
1 030= CALL FZ(MMMAX, ZZA PZC, -r)I 1040= EPAPT=ETA. .:-2..CMPHI ' +ZA)

1050= EPFP=-2+2*'SMPHI (2)+ P
1060= EPEPT=ETA. '2*Z: .MPH I (2)-ZC
1070= EPEPP=-2.ZCMPHI 'E)+ZD

A1080= IF(ETAO.Ec.f..)GO TO2
1090o = El.hT=2*IX. 'CALF.EFFF-,T/ETNOI+:ALF.EPEF:T) /C
1100= E:*N=2IX+.CA4LF*EPAiPP.',ETAiO+OA.,FLF.EPERP) /C
1110= '30 TO 8
1 120= 2 E ;tiT=2.IX.3APLF*EPEPT/C
1130= EZ3MP=2*IX+Z7ALF*EPEPP/C
1140= 8 EMPGT=CAPS. (.E*.r:T)
115 0= EMA'3P=CPPS (E:NP)
1160= SI3THE=EMA'3T*EMA'3T
1170= SIGPHI=EMF'3F.EIAIP
1180= E1I= PE AL (E SN T)
1190= E2=AIMAG'-,ESNT)
1200= 1F(E1.EQ.0.)GO TO 16
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121 0= APG=E2/E1
1220= EPHRT= 1:30/?. 141 59*RTAN 'F-PG*
1230= IF((E1.LT.0.).PAND. *E2.GT.l.)'.'EPHPT=EPHAqT+180
124 0= IF(i*E1.LT.0.:.A;ND. sE2.LT.0..:)EPHT=EPHAtT-180
1250= GO TO 17
1260= 16 EPHPT=90
1270= IF'E2.LT.0.'i*l:EPHAT=-90
1280= 17 E1=PEAL.ESr4P)
1290= E2= I MAG (ESNP"
1300= IF(E1.E'?.0.)G0 TO 18
1:310= APG=E2/E1
1320= EPHAP= 1:30 3.141 59*ATRN 'ARG)
1330= IF((E1.LT.0.).Aitr'. E2.GT.0.))EPHPP=EPHAiP+180
1340= IF' (E1.LT. 0.) .AND. (E2.LT. 0.))EPHAIP=EPFAP-18-0
1350= GO TO 19
1360- 18 EPHAP=90
1370= IF(E2.LT.0.::EPHAP=-90
1380= 19 IF 'iVAP. Ec!.O0:'NVF=1
1390= IF (VAR (1::'.GT.15): GO TO 1000
1400= GO TO 2000
141 0= 1 000 CALL SCATTER (VAR. EMAGT, EPHRTq SIGTHE)
1420= 2000 CONTINLUE
143(1'= JR I TE 6. 25) VAR (NVYA.) ,S I GTHE, :3:1 GPH I ,EMPGT, EPIAT9
1440= IEMAGPgEFHAP
1450= 25 FOPr1AT(1XqF7.2.2(1XE10.3),2(::<E1O.3,1XF7.2))
1460= 37 IF (INDEX. E0.NroC):'GO TO 4
147 0= IrirE::X=INDrEX+l
1480= VAR (NVAR) =VAR (NVAR) 4-V I NCRE
1490= GO TO 6.
1500= 5 CALL EXIT
1510= 41 kIRITE(6,40)'
1520= 40 FORMAT(1X,A', IX,"THE DISK OF RADIUS A LIES IN THE X-Y PLANE

1530= 1 iX,"CENTEPED AT THE ORIGIN. THE CONVENTIONAL (Rp THETAP -

1540= 1"PHI) COORDINATE SYTMIS LISED IN THE FAR FIELD. !*/!,1xg
155-0= 1"THE PLANE OF INCIDENCE OF THE PLANE h. AVE IS THE "/?X!j 1560= 1"X-2 '<PHI=0 PLANE. THE POLARIZATION ANG'LE (POL) "p,lX
1570= 1"DF EINC IS MEASLIFED FROM THE FLANE OF INCIDENCE "q/, lXq
1580= 1"IN THE PHI-DIRECTION. I.E.p POL=O IS THE PAPALLEL",.', l
1590= 1" (THETA) CAS3E AND POL=90 IS THE PERPENIDICUILAR (H)%.i~
1600= 1"CA5SE. "-,2Xp"THE RESLULT IS A SOLUTION OF THE RIGOR'OU."
1610= 11X *"EIGENFLINCTIOrI SCATTERING PROBLEM."):
1620= GO TO 4
1630= 42 CONTINUE
1640= GO TO 4
1650= END
166 0=C
1670=C OBLATE SPHEROIDAL ANGULAR FUNCTIOr.SOF ARGUMENT 0;
1680=C ORDEPM.N9 WI1TH N-M EVEN;LIP TO ORDER N=M+2*NriMAX-2.
169 0=C (EOUAL TO PMN (O:) :
170 0=C
171 0= SUIBROUIT INE 5SMNO-(MNNMFAX)
1720= COMPLEX F4
1730= COMM~ONi EIG .so0 *D (50,50) DNEG (50) ,R1(50) .F4 (50)
1740= 1qSO(50)
1750- SO(1)=1
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1760= I F f M. E0. 0. ' GO TO 1
177(0= DO 2 r*Mr= 1
1780i~= 2 S~O (1): = e'2*MMl.1 1)' *SO 1
1790= 1 rD 03 r4N = 1 9 r4 M A
1800= ri=2* (NN~- 1:')+

'1 0f= 3 -0O ~4+1 i:*=r+ri+ 1) *:1 0 IrN) ' M-M+2)
182 0= PETLIPN

183(1= END
184 0=C

4 185('=C S.IN ANDi COSIN1E FUNrCTIONS~ OF PHI
186E 0=C
1870= SUBRE:OUJTINE CS~PHI (MMPHI)
188 0= COMPLEX: F4. PSIpt-ideYOe YETRO U, X
1890= COMMrONi El G '5 o: * ri s50' * rirE' '50) P1(50) ,F4 (50)
1900= 19 SO: ':50) , P (5 0) ,:EA(5 0) qC:ETAO (5 0) 9PS 1 (5 0) 91).1(5 0) P YO (5 0)
191 0= 1 , YETAO (5 fl) 9 UI (5 f) 9 (5 91 , MPH 1 (5 0) Z SMPHI (50)
1920= M=MM-1
1930= CMPHI(MM) =i:OS:(M+PHI)
1940= SMr'PH I (MMr~) =-S. I r4 'M.PH I
1950= RETURN
1960= ENDi
197 0=C
1980=r-* OBLATE S:PHEROIDtAL EIGENVALLIES OF ARGUMENT Cq UPPiER MqN~

1?90=C W1ITH N-M EVEN LIP TO ORDER N=M+E*NNMAX-2
2000=C
201 0= S.UBPOLIT INE OBE IGN "C:, ri.NMAX)
2020= COM*MON EIG(50:
2030= DIMEN.ZION IP .5so) , LPHA (50) BETA (50) ,PP(50)

20140= 4 CONTINUE
2050= M2=2*M
2060= C2=C*C
2070= ,frCl. OE-05
2080= NN2=rNr*1AX+2
2090 r= N I=NJ2+1
2100= P(1)1l
2110= IP(1)=1
2120= DiO 2 i'o=i 9 r*2
2130= IV=2*IOOl~
2140= I IM2+2* I 0
2150= IX=M2+4*IQO-l
2160= ALPHA (I 00Q) = (i:2.M2.(2 .IV-1) +2.IV*(I9-1) -1))' (IX. (IX-4))
21701= 1- i+ I V-I'* (I V+M:
2180= 2 BETA (100+i) =c.I::&P IV. (IV+1) .1..W-)'.X*IX-4. 0))
2 19 0= BETA (r-4N2+ 1 ): = 01.
22 Q0C= FO=AB:3 (:ALPHR e.:1)::) +ABF S BETA (2))
22101= DiO 3 IOO02,NN2

223 0= BETA (100)i' =FETA I(100) *BETA (I ON:)
2240= IF(AO.GT.BO) PO=AO
225 0= 3 CONTINUE
2260= A0=-BO
2270= BOI=BO
2280= 13 CONTINUE
2290= BO=POI
2300= DO 20 I00=14iNMRX
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2,31 0= N=2*10O-2+M
232 O= A=AD
23:30= p.=F.'O

2-.4 0= I EPP=- 1
2,35 0= 21 11 -= 0
236 0= CO= :A+B.A.2
2370= IF(:'CO) 5:22,5 0
238 0= 50 EPP= .B-FC - /'.,*-, (CO )
23"904= IEPR=IEPF+I240 @= I F ( I EF.F.-6. 0) 4 0 ,41., 41

2410= 41 IiPITE(6,42 N
2420= 42 FOPRAT(2::,"ITEPATIOtN'S EXCEEDED FOR EIGENVALUE "913)
2430= GO TO 700
2440= 40 IF (EPP-RCC)24,24,22
2450= 22 P (2 =ALPHA '1) -CO
2460= DO 5 I=3,NI
2470= P (I)= (ALPHAi(I-I)-CO-F-ETArI-I> (P (I-2)/P(I-I>))P (I-I)
2480O= PMAG=A:S ,:P ( I >

2490= IF(PM U3.GT. 1. OE+.33) GO TO 7
2500= 5 CONTINUE
251 0= 12 CONT I NUE
2520= DO 6 I=2.NI
2530= IF (P (I1)) 14!, '-, 9
2540= 8 IF(P(I-1))'9,9,14
2550= 14 IP(I)=-I

2560= GO TO 10
2570= 9 IP(I)=I
2580= 10 IF (IP (I)-IP(.'I-I)) 6,11,6
2590= 11 IIS=IIS+I

2600= 6 CONTINUE2610= I F QI ISE- I Q) 16, 15, 15

2620= 15 A=CO
2630= 6O TO 21
2640= 16 B=CO
2650= GO TO 21
2660O= 24 tBO=CO

2670= 700 EIGIQ:D=-CO
2680= 20 CON'T INUE
2690= RETURN

2700= 7 NNMA.=I-4
271 0= NI=NMMAX+3
2720= GO TO 4
2730= END
2740=C
2750=C OBLATE SPHEROIDAL EIGENFUNCTION EXPANSION COEFFICIENTS
2760=C OF ARGUMENT C; OFDEP MNR; WITH N-M EVEN. UP TO ORDER
2770=C N=M+2.NNrR:.-2.P=2IPPMAX+2
2780=C
2790= :S.ULBROUT I NE O£COF t(C, M, MMMA:X, N4MAX, I RPMPX)
2800= COMMON EIG(50 :,r(50,50)
2810= DIMENSION DP(50)
2820= C2=C.C
2830.= MM=M+1
2840= DO I NN=1MNMAX
2850- M=M+2*NN-2
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280= 4 Dp ( I P PM R<+: =0
2870= riP (I RRMAX.--+2) I 1. OE-3 0
28480 = D (Nq 1)=fl
20390= D (NN.9,2) = 1
2900= JJ=(NCM) 2+1
2910= DO 107 LL=1' IPRMAX
2920= L=LL-1
2930= IF (LL. GE. JJ-) L=IPRAX+JJ-LL
2940= IR=2*L
2950= IRM=P1+IR
2960= ARP= (M+IRM+2) * s.M+IPM+1) 02/ C(2.IRM+3) *(2.IRM+5))
2970= BRP=(2.1 RN.(I PM+ 1:'-2.MMt-1).C2'((2.IRM-1)+
2980= 1 (2.1 RM+) ) - I PM.(IPM+ 1)
299 0= CR=IR.(IR-1).02/(C.2* 1 R-,M-3-) * (2* IRM- 1))
3000= I F (LL-J.J) 105w9 106' 9106
301 0= 1 05 1'(MM L+:3) =- (CR1)(N L+ 1) +(BR+E IG6(NM)) .1' NN.L+2)) 'AR
302 0= PMARG=AB$( Cr' (MM L+3'-) )
3 03 0= IF(DMAF-G.GT. 1. E+3B0) GO TO 3
3040= GO TO 107
31150= 1 06 iP (L+1) =-AP-.h'P (L+3) +(BR+E 1 (MM) ) *DP (L+2)) 'CR
306 0= t'?AG.:=ABFS (riP (L+ 1) )
3070= IF (IsMAG. GT. 1. OE+30) GO TO 3
3080= 1 07 COMTINU'E
3090= tiL=ABS7, (Di (rIM JJ+ 1))
3100= tL=ALOG1 0 FL)
3110= h'LP=ABS:. (DP Q J+ 1))
3120= PLP=ALOGI 0 (LP)
3130= PL=F:$: rr(L)
3140= DLP=ABV CDLP)
3150= DL=PL+iLF
3160= IFCPL.GT .30.) GO TO 5
3170= COM=t'NNb J+ ) 'riPcJJ+ 1)
3 180= ACOM=ABV SCOON)
3190 = IFC(ACON. GE. 1. 0E+--e2) GO TO 2
32100= 118 P1(1N J)=CON.IPP (J+2
3200= r o 11:3 Ja=JJ, IRPAX
322 0= F=1
3230= IF(M)19891989199
3240= 199 rDO 11o I=1,M
3250= 110 F=F*(M+I)
3260= 198 S11M=Ol
327 0= MMX=IRRMAX+1
3280= riO 113 I=1,MMX
3290= IR=2*I
3300= CUM=SUM+F.P (N4N4 +1)
331 0= IF(I-JJ) 11:3,197,11:3
3320= 197 FMM=F
3330= 113 F=(-F*(IP+2*M-1))/IR
334 0= AiLF=FNM'sU-m
3350= DO 114 I=1iMMX
3360= D(TNN I)=ALF*Dti I~h, l)
3370= 114 CONTINUE
3380= 1 CONTINUE
339 0= RETURN
3400= 3 IRRMAiX=LL-1
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3410= GO TO 4
3420= 2 I PMP::= I PR'MA:-i
343 @= 6O T04
3440= 5 wNMAX=NN-1
345 0= RETURN
346 0= END
347 0=C
3480=C 0NEGATIVE D COEFFICIENT SUEORUTINE
3490=C
350 0= SLIB'OUTINE D'NEGN (C ,1, NNMAX)
3510= COMMON EI',3':50'D,504,50),DINE 50)
3520= DO 4 NN=1,NNMAX
353 0= C2=C*C
3540= IFa(M. GE. 1) GO TO 2
3550= DO 5 II=1.NNMAX
3560= 5 DNEG' (I I) =D (I I, 1)
3570= G0 TO 3
3580= 2 B1=1.0
359 0= B2=0.0
3600= EI=EIG(NN)
3610= DO 1 IRR=1,M
3620= IP=2*IPR-2*M-2
3630= IP= ,:2*M+ I *+2) + (2*M+I P+ 1) *C2/ (2*M+2*I R+3)
3640= 1*(2*M+2*IR+5))
3650= BR= (M+ I P) + (:M+ I R+ 1) -E I - (2. (M+ I P) * ('M+ I P+ 1) -2r..- 1)
3660= 1 .C2'( ,.M+2* I P- I (,.M+2- I P+3))
3670= CR= ( I P) * (I R- 1. C2/, (2*M+2IF-3) * (2M+2*IR-1))
368 0= B3=B?2
3690= B2=B1
3700= 1 BI=('BP.B2-CP*B3)/AR
3710= A=D (NNP 1)/Bl
3720= INEG (N) =A
373 0= DDM=ABS (DNEG (NN)
3740= IF(DrI'.LT.1.mE-3S) GO TO 6
3750= 4 CONTINUE
3760= 3 RETURN
3770= 6 NNMAX=NN-1
3780= RETURN
3790= END
380 0=C
3810=C OBLATE SPHEROIDAL RADIAL FUNCTION P'(4) OF ARGUMr.4ENT C?
3820=C ORDER rlN- .ITH N-H,1 EVEN; UP TO ORDER.N=r1+a.r4r,1F-:.
3830=C ALSO NORMALIZATION FUNCTIONS N.
3840=C
3850= SUBROLIT I NE DPRD (C, M 1, Mr.lM':'., T4MR'::.', I PPrl> )
3860= c:OMMON EI ,3(SC') I'(5, 50) D'NEG n(O) RI (S ",., F4 (50',
3870= COMPLEX IXP4,F4
3880= IX=(O. 0,1.0)
3890= EEAC=1
3900= ERC=I
3910= EAC2=1
3920= G'O=I
3930= IF(M.EO.0) GO TO 20
3940= MAXM=M+1
3950= DO 19 MM=2,MAXM
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3967C,=r IM='IMP- 1(*1M)1P-

39 0 ER-_ (.*Ir'-l) * Q*.I M) .EAC:2
4000= 1S EFC:= I M.,EF4C
4 01 0= IF(EEAl':.'E. 1. i0E+17) '30 TO 4
4020= IF(ERC2.E.I.':'E+:-0, GO0 TO 4
4' A3- Cm 2 n O 1 7 !-4t-= I *4M
41141 0= -z* Qr4-4- 1): 4M

4r.70= ENOPtI I'

4'..i DO 18 NP=lIF:F:MpxI
41 nO :SI IMF=IP* (tN, NR)
411 0= -3Ll M= U:IM L) rP
41201= r'rIG'=AE3 *.',-(" (TN, NP)
41301= IF't'MA'.LT. 1.O':E-*-.O) C-0 TO 1

*414 C= ENOFMFP=2*CP+ (D 4N N4P)) ++2 . 2+1 F. t-2M+ 1
4150= 2 ENDF~ti=Et-4[Pt*1+ENOPMP
4160= '3RrplAFs'3=A (.'p)'
4170= IF (GPMAG. GT.I. OE+S':) '3D TO 5
4180= fb-P= Q P+2.'M+ 1*.- (n:I P+ 1 .) * 1 P42.11+2.): / (IPR+2.) *G~P
4190= 18 CONT I NIE
4200= R:I (NN',, = i*-I 1). 'NN- 1) *2**t'EF4C .C .. M~r (NN. 1::' ( (2.11+l)1)M
421 0= P2= ' - 1:: .. 'NN- 1:' .(2.1- 1:: .ERC:.C.. (Mr- 1): ' 2.EFiC 2> 3 141V597
4220= 1+ ' EEA:.-*2..':LI *2*.M'DNE3 (MNN)
4230= PP2=PPEC 'P2)
4240= IF,'PP2.'3E. 1. E+3!:.0) '30 TO04
4250= EEAN = (':.+M+ 1:: .EERC/ '(N-M,+2)
4260= IF (EEPC. GE. I.0 E+1 7: NNMPX=NN
4270= P4=P1 (Nri:'- I XP2
428 0= A'=AB:S (ENOFMP~)
4290= A1i= PLO'3;10 o(P 5:'

*430 0 F,4=R,*7:'(F:2:
431 0= A2=ALO31 0 (A4)~
4320= P3=P1+R2
41330= IF(RS3.iT.:30.) G0 TO 3
43 4 0= F45=ABS. (:P1 MNN):
43-50= F1 =FLO'31 0 (A5)
436.0= I3Ac ~ ) +APB3 (F2)
4:370= IF:3.13T.3u.. GO0 TO 3
4380= F4 (NN):: =I' ':-EtNOPt~1P4)
4:390= 17 CONTINUIE
44010= F:ETUIPN
441 0= 1 ENOPMP=0
4420= GO0 TO 2
44:3 0= 3 F4(NN)= (0. 9 0.)
444(0= GO TO 17
4450= 5 GP=O
4460= '30 TO 18
447 0= 4 MrIMAX=M
4480= IQ=1
449 0= PETUPN
4500= END
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451 O=C
4521.=: Ps-"I FUNCTION

4540= ::LIF : F'O11T I N E F P:l: I (:M 1 N tMlA X:
4550= COMt'PLE':: I: F4 P:I

45 01 -':7'0 (5l1O El) P -'5 (f E. ' '. 5 :- rE i :0 5 C,:: P1 (5 ':' ,) (

4 5'~ 0 = IM=M+1l.

4600= PS. I (M)~:: 0 . *. i
461 0= ill I NN 1: t-!R
4620= NM2N-
4630= P*:'I (tMM) =P: I (MM);i lX. (N::)5 (NN): **2.F4 (NN)
4640= 1 CONT I NLE
465 0= PETLIRN
466.0= END
4670 f=C
468 ('=C A*!C Oi:O: I RTEI' LE'3ErffE POLYfOM- I iLS -OP 9 OF PPCLl'ErNT ET~R;
469(c'=C ODtEPM0;r IITH --N EVEN; OF TO OFRDEP N=M+2.iNriA::.:-2.
470 0=C
471 0= S UPFOUT INE POL'YN( ETAD M!NNMt'1X:
4720 rtDiI HEN-S;I OH PP (3)
4730= COMPLEX: F4
4 74 0= COMMON El -'35Ci) ,D (50,SC,' ' !T'NEI Ci:'5 ,)P1(5 ) 4 (s o:)
4750= 1 ':0( (m.f) 9P ('5 0 )
4760= 5" e='F-.(- T (1-ETAo.ETO):
4770= pp '.)=(
4780= PP(2' 1
4790= IF'N El' 0) GO0 TO 1
4800= IDO L=1sM
4:810= 2 PP (2)' = (L-I::s *'PP (2)

4-3 0= rDO 3 HHr-=20A1r1F,::::X
4='4 0 ri=M+2+NN-3*-

485cl= DO 4 L=1t2
4860=fl PP (3:'='(2*Nr- 1) .ETAO.*PP (2) -(.:N+rl-l' :*PP~l))-(N-M

4880= PP (1)=PP'2)
480=g 4 PP (2) =PF (3)
4900=~I 3 P rii::'=PP(
4910=~i PETU~RN
492 0= END

4940= OBLATE *7PHEPOIDAL ANrG3LLP FLINCTIOIS9 Sp OF AP'3LIr1ENTS
495 (I=C C AND' ETPO; ORDEP MFH III TH -N- EVEN; LIP TO ORDER
496 0=C NM2NM 112
4970=C
498.0- SLIBPOUT INE OBAN'3 z(ritMA::.:: IPPFAX:
499 0= COMPLEX F4
5000= COMMON El '3 (50) 1'(5 C'I5 ci DNE'3 <S' 0) RI1 (5 0) *F4 (50)
501 0= 1 ' CO (.50 (r P '50) 'ET 5 0) 9 -:.ETAD .50)::
5020= DO 1 NN= I NrirPX:
50:30= *7*ETA (INN ) =r0
5040= tD 2 IPP=1'IPPMPX
5050= 2 SETA 'NN) =1:.ETA 0N): +D (NN, I P) *P ( I PP)
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5060c= 1 CONTINUE
5(170i= RETURPN
5080 END

510 ')C Wd FUNCT ION

5120= SUBR:OUITINE FI.( M. NNMriFX)
513 0= COMPLEX: IXP~F4. IdWPPSI
5140= COMMON El ':5 0::'g F50' 5 ci::. * IEG (50::. PP1 ( Sc) * P4( 'SiY
5150= 19 C..O () -P5 (:):' IETA'(50) 9 SETAO (5 0)Y ,P1-:I 1 (5 ) ,bi (5 1)
51601= IX=(0.9~1.:)
5170= M=~
5180= IW (MM):: = (0. 4 0.)
5190= DO0 1 tiN=19NNMAX
5200= N=M+2*NN-2
521 0= 1 WI ( M::) =41 (M'M) +I X..t4*ETAO (NN1) +SO (NN) *F4 (NN)
5220= RETUIRN
5230= END
524@=C
5250=C Y FUNCTION
5260=C
5270= SUBROUITINE FY "MlNNMAX)
5280= COMPLEX: F4q' VO VETROqPS I , I'
5290= CODMMON~ El '3(50 ci: D (50 510i) t'DNEG350)!-RP1(50) P F4 (50c)
5300c= 1 g SO (Sc':',P (50):: :EETA (50) S-ETRO (50) ,PS I (SC) 1, (50:'I'r,''
5310= 1-.YETADO(50)
532 0= MM=M+ I
53:30= T0 (MM) =(0. ,c.)

5340= YETAD (MM) = (:0. 9 0.)
535(0= rDO I Ni= 1 0 NMAX
536 0= N=M.2.riN-2
537 0= YO (MM-) =YO (MM) + (~- I ' **N*P 1 (NN): (NN)Mr:: * C ETA (N'*F4 HNt~
538 0= 1 YETAD (MM) =YETAO (MM) + (-i I ) *N*.IP1 N (NM)*~TO'rN) .$ETF4

5390= RETUIRN
5400= END
541 0=C
5420=C S AND Li FUNCTIONS
5430=C
544 0= SUBROUT INE FXLI': MqMMMAX)
5450= C~OMPLEX I :'9F4 *P51I'b VO' VETAD-, LI q XgPT
5460= COMMON El ' 5 0) Ii':.50 50) , 1NE'3 in. 50,) P 1(SC') F4 (C)
5470= 1 9S 50) 9 P (5 0:) q *E (5 ci::' SETAO (5 0) ,PS 1 (5 0:: h)I (50() YC
5480= 19 Y ETAD (:5 0)::' U (5:::' ,;X (5 0i)
5490= IX=(0.91.)
5500= IF (rM.EO. 1) GO0 TO 1
55 1 0= IF(MM. ECO.Mrr'MPA:K GO0 TE' 2
552 0= PT=PSI (MMN- 1:: *P'C I @1lM+ 9)
553 0= PTT=CABS (PT)

554 0= IF(PTT.E0.0.) GO TO .3

556 0 X (MM) =2. 1 ::.*. (MM-2) * (W. (MM-i1) -W.. (MM*+ 1:') /(PS I (MM- 1' +FI

5580= 1 UJ Q1 ).=- I ::<..,. (2) P!:, I (2)
5590= X (1) =(0. ,0.)
5600= RETURN
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561 0= ( :Mm)' =I 1...:m)~a 2h i' ~i"~-1

9? 0= PETLIPN
56.40=- 3 Mtrmp,::.=mm- 1

5650= PETLIPN
566 0= END
56 O=tCr~t

5710 C-LOMPLEX< IX, IC',, A' ig Bt C, :r', F4. FZ:I * I'YOYETF'OLIX
57 ~20i= COMMr~ONi El '- '5 0::' riD'0. s c'. rr-IEi; 5 (I'* R (5 0:' F4 (50)
5730= 1 , .:O(50) ,PP(5 0:' ETA ' 50) C -.ETRiO '50,) *P: I (50) , Id(50) O (50)
5740= 1.,YETFD (50) ,LI(50) qX (50:,C:MFH I (50) ,S*PH I(50)
5750= IVx i-i . .)
5760= Z='0.40.)
5770= 2=
5780= 21=
5790- C=
5E0 0= 21' -

* 581 0= r*IHMM-MMMRtX-i
5820= rDO rMir=I MA::MM

5804 0= A=2
585 0= B=i
5860= L:=l
587 0= IF(MM.EnQ.i) A=l
588 0= IF(MM.Er.2) B=2
5890= IF"MM. EQ. 2:: C=O
5900= IQ=IX..(-M)
5910= Z=2+A*YETRO(MMl' C*PHI(M@1 :
5920= IF(MM.EQ. 1:: GO TO 2
593 0= ZA=A+ 10 (U (LM.M+ 1::) .CMPH I (MMi+ 1) -B*li (MM- 1) +CMPH I (MM- 1))
594 0= i.yo *MM::
595 0= 1:'=ZB+ I Q.(LI(MM+ 1:: .:MPH I(MM+1) +I (MM-i) .SMPH I(MM-i))
5960= 1 *YO (MM::

57=ZC:=ZC+IQ. (X (MM+1) . :MPHI (MM+i) -X(MM-i::'.MFHI (MM-i))
5980= 1 .YO .M)
5990= ZD=Zli+IQ. (X (MM+1::' CMPHI (MM+1) +C*X (MM-i) .CMPHI (MM-i))
600 0= 1.VO (MM)
601 0= GO TO 1
602 0= 2 -L-'P=A+Li (2) *CMPHI1 (2:: .YO (1)
6030= 2 B=ZB+i':(2) 1CMF (2) +Y0 (1)
r6.0 40= ZrC=,C+X':(2) .--MP1H 1 (2): +YO (1)
605 0= fiD= D+X (2) .CMPHI (2) .YO(1)
6060= 1 C~ONT I NUE
6070= 3 CONT I NUiE
6080= PETLURN
609 0= ENDr
61 00= :LIBPOUT INE S:CRTTEP ':APq*E:ECATM, NGLE S I GMA)
6110= COMPLEX iA,1B,,iPLiLtX.ECTJ
6120= PEAL PI.THETA.A.BgtIE1 qE2,F1,F2,1 ,G~-2'C1 C2,KAR
6130= $51 , 2 * *Ti ,T2 * PG *V *bI IER, MMBS.J 0,MrBSJ 1 MMBSi2
6140= DIMENSION YAPQ()
6150= P1=3. 141593
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616(1= THETFI= MVFRp2::::..'?0.)'2*P I)
617 0= KPV4 1)
61830= A=1.414214

02(= El=CO:7:k*(PI-4.: - TEP2)
6.220= E2=Co:. F.,4..) +9 "THETP/2.))

- 30= iP El
'-.2 0=F2=i,: (.E2)
6250= 61=4.Fl

~66= G1?=D.F2
62701= CALL FPESN~EL(GlC19S.:)
6280= CALL FFESNEL (G2s C2q S2)

6290= H=r1PLX (0. . F
6.00= H=CEXP (H)
6310= Pl=CMPLX (Clql

6320= P2=CMrPLX 'C29S:2)
6330= Al=A.H*Pl

6340= A2=A. H+P2
6350= APG=2*IKA*(S.IN(THETP)>
63E.0= V (1 + :&IN (THETA))/ (2.-:IN (THETA))
637 0= W.=0: S :IN (iTHETA))/ (2' * - I N (THETA))
638 0= *m mP.:J2 Q2.Fi: / A P + l ' AR G, I ER) - MriF:SJ( (ARSIER)
639 0= X= ( (F41 *2) *.Id + (P2+.2') .v::s -MMP, 1B:l (APG, I ER)
6400= Y= < A1..*2:,.kI - (A2..2:' V:*PMBS:J2
6410= J= ( 0. 91.)
6420= =V.
6430= Y1=RERL Q?)
6440= Y2=A I A(G (Y)
6-45 0= X1=REAL (X)
6460= X2=AIMAG,(>)
6470= E:C:AT1=Xl-Y1
6480= ESCAT2=X2-Y2
640= ES.C AT=C MPL::( ESCAT I eESlCAT2)

6500= ESCAT=EC CAT.j
6510= ESCAT=-ESCAT
652 0= ES.CATP=F'EAL(tESC:AT)
6530= ES~C:AT I =AI NAG ESCAT:
654 0= ESCATM' = ( aE:,-CATP..2.) + :ESCPTI*2.)) .. / 2.)
6550= SIGMA = (ESCATM *+2.)
656 0= ANGLE=ATAN 'ESCATI/ESCATP)
6570= ANGLE= A'Lr PI) 360
6580= IF.ESCATP.LT. 0.).AN4PD. *ESCATI.GT. 0.)) ANGLE =PNGLE +180.
6590= IF': ESEATP. LT. 0.).*AND. (E.C.ATI .LT. 0. )) ANGLE =PN'3LE -180).

6600= RETURN
661 0= END
6620= SUBROUT INE FPESMEL (AA. 1,)
6630= DIM~ENS IO on '2 000::', Y(2000),ZX (2(100)%ZY (200 o:I
6640= INTEGER NDIM
6650= IF ((A4. GT. -0. 0 1) .AND. (PA. LT. 0. 01))GO TO3 6
6660= G0 TO 11
6670= 6 C=0.0
6680= S=0
6690= 6D TO 4
6700= 11 H=.01
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67T, 0= Y !M=I I + 
6730= rio =i' I M

6740C= DO I C l,-

6750Q= A=IH - H
676 0= X.< (. 1) =Co17 'I I. 57 08 (jo, ,"A**2. ) )
677 0= y (: I):. ='71 Nt ..I . 570 0 .:* (i**2. ) )

.78 0= 10 COt'4T I NLIE
A79 0= S:Ir.12= 0.

6800= SUM4=0.
6810= I HH=.5*H
6820=C
6830 =C INTEGRATION LOOP
6840= IO 2 I=IRN'DIM
6850= = :UM 1 =:LUM2
6860= SUM3=SUT4
6870= LSUM2=S:UM2 + HH. (X (I) +X (I+1))
6880= :LIM4=:I'-M4 + HH* (Y (I) +Y (I+1)
6890= ZX(I) =UM 1
6900= 2 ZY .I =:UM3
6910= 3 ZX(NiIM:, =SUM2
6920= Z' (ND I M.") =S:LIM4
6930= 7 IF('HH. E.0.1)CO TO 8
6940 C= =-1. )* ZX (N I M)
695 = .= - 1 . ' N ZY i NrIM
6960= 60 TO 9
6970= 8 C=ZX (NDIM)
6980 = :=Y NIM
6990= 9 CONTINUE
7000= 4 RETURN
7010= END
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SCATTEPING BY A METPLLIC CIPCL'LPF DISK
(HODGE -- ,EP''I N I E.... 17./78)

(TYPE K"=O TO ':TOP PF'P't7RM)
(TYPE KP=-I FOP A DE:-FIFTICN U, THE PPP'METEPS)
(NO-MAL IZRT I Or: E C:FT=F.*E I tnC .Et4ORM/'i 2*P *EXP (-J*K*R))
(ALL ANGLES IN DEGREES'

44 B CM STOPRAGE LISED'
2. r CP SECNDNIS COMPILATION TIME1

2. THETA INCIDENT =45

3. POLARIZATION =0

4. THETA SCATTERED =45
5. PHI SCATTERED =0

WHICH VARIABLE IS TO :E INCREMENTED?I
TYPE NUMBER OF CASES: 25
WHAT IS THE IICREMENT?I

KR CROSS SECTION E NORM
SI GMA'/ PI. A*2) THETA PHI
THETA PHI MAG PHASE MRG PHASE

1.00 .351E+00 0. .593E+00 -22.65 0. 90.00
2. O0 .903E+00 0. .950E+00 -110.86 0. 90. 00
3.00 .263E+00 0. .513E+00 148.85 0. 90.00
4.00 .353E+00 0. .594E+00 85.18 0. 90.00
5.00 .334E+00 0. .578E+00 -3.41 0. 90.00
6.00 .447E+00 0. .669E+00 -105.68 0. 90.00
7. 00 .149E+00 0. .387E+00 148.80 0. 90.00
8.00 .738E-01 0. .272E+00 58.53 0. 90.00
9.00 .659E-02 0. .812E-01 43.29 0. 90.00
10.00 .194E-01 0. .139E+00 -45.88 0. 90.00
11.00 .534E-01 0. .231E+00 -95.93 0. 90.00
12. 00 .456E-01 0. .213E+00 167.71 0. 90.00
13.00 .102E+00 0. .319E+00 87.48 0. 90.00
14.00 .627E-01 0. .250E+00 -11.15 0. 90.00
15.00 .982E-01 0. .313E+00 -103.2.3 0. 90.00
16.00 .563E-01 0. .237E+00 1.94 0. 90.00
17.00 .676E-01 0. .260E+00 94.77 0. 90.00
18.00 .253E-01 0. .159E+00 168.41 0. 90.00
19.00 .275E-01 0. .166E+00 -99.14 0. 90.00
20.00 .169E-01 0. .130E 00 -51.91 0. 90.00
21.00 .138E-01 0. .117E+00 45.27 0. 90.00
22.00 .294E-01 0. .171E+00 97.22 0. 90.00
23.00 .199E-01 0. .141E+00 -174.10 0. 90.00
24.00 .513E-01 0. .226E+00 -91.91 0. 90.00
25.00 .330E-01 0. .182E+00 -5.07 0. 90.00
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Appendix C

Program Listing for the Fast Fourier Transform (FFT)

The following is a program listing of the Fast Fourier

Transform which performs the Direct and Inverse Discrete Fourier

Transforms (Ref 13:331).
In the FFT subroutine argument list, X represents the complex

array to be transformed, M represents the power of the two of which is

the length of the FFT, and XI indicates whether a direct FFT or

inverse FFT is to be performed. If XI is a plus one, the direct FFT

is performed. If XI is minus one, the inverse FFT is performed.

An example of calling the FFT subroutine from a main routine

is:

CALL FFT (DOG,lO,l.)

In this Call statement, "DOG" is the complex array to be transformed,

"10" is the power of two of which is the length of the FFT and "1."

indicates that a Direct FFT will be performed.

A few precautions in using the FFT subroutine shown should be

stated. Using the above example, the precautions are:

(1) DOG must be a complex array with 210 complex locations.

(2) The length of the FFT of DOG will have 210 complex loca-

tions.
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(3) The second parameter in the argument list, namely "10"

must be a positive integer and must not have a decimal

point.

(4) The third and last parameter in the list, namely "1." must

have a decimal point.

(5) The length of the FFT must be confined to half the maximum

number of real array locations that are possible with the

computing machine used.

11
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100= 6P E FF) Y MU W T

12 0= N=2**M
1:3C,= rlVe=rP,2
14(0 t4F11N-l
15 0= J=1
160-,= DO 7 I=19NM1
170= IF(I.GE.J) GO TO 5
180= T=X(J)
190= X(J)=X(I)
200= X()=T
210= 5 K=NV2
220= 6 IF(K.GE.J) GO TO 7

eeo= P1=37-.14159265358979
280= ~~IDO2 =9

290= LE=2**L
300= LEI=LE/2
310= U= Q. (0. .0)

.1320= I=CEXP(CMPLX(O.,-XI.P!'LE1))
330= DO 20 J=19LE1
340= IDO 10 I=JqN5LE
350= IP=I+LE1
360= T=X(IP).U
370= X(IP)=XCI)-T

-'380= 10 X(I)=X(I)+T
390= 20 UU11.W
400= IF(XI.GT.0.) RETURN
410= DO 30 1=141
420= 30 X(I)=X(I)/N
43(1= R E TURF.N

440= END
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Appendix D

Brief Review of the Selection of the FFT Parameters

The realization of the Discrete Fourier Transform on the

modern digital computer in the form of the Fast Fourier Transform is a

valuable tool in the field of linear systems. However, if the FFT

parameters are not carefully picked according to certain rules, the

results of performing an FFT on a sequence will provide erroneous

results. So, it is wise to explore the relationships between FFT

parameters in the time and frequency domains (Ref 15:282-284).

First of all, the parameters of interest are:

T increment between time samples (seconds).

f sampling rate (hertz) = I/T

F increment between frequency samples (hertz) = frequency

resolution

t record length (seconds) = effective period of time sig-
p

nal = I/F

f folding frequency = f /2 (hertz)

fh highest possible frequency in spectrum (hertz)

N number of samples in record

In order to avoid aliasing,

fs 1 2fh (D-1)
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This implies that,

T (D-2)
2h

For a desired frequency resolution

= 1 (D-3)

If fh and F are both specified, N must satisfy

N > -f- (D-4)

The following is an example of using the FFT to obtain the

DFT of the 10GHz pulse used in Chapter III and Chapter IV.

The pulse consists of five cycles of 10GHz R-f centered at

the origin. The pulse is shown in Figure 11. Because of the periodic

assumption of the time signal that the DFT makes, the negative half

of the pulse is seen to be shifted up in time ending at tp,

The first step is to estimate what the highest frequency com-

ponent of the incident pulse is. From experiment it is obvious that

the Fourier Transform of the pulse of R-F is a shifted sinc(x)

frequency spectrum which never dies out as frequency increases.

However, some criteria can be set where by if one of the minor lobes

of the slnc(x) waveform goes below a certain percentage of the main

lobe peak value, the frequency associated with that minor lobe would

be considered the highest possible frequency in the spectrum of the
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pulse. The continuous Fourier Transform of the 10GHz R-f pulse

is

S(f) = 5 1010 sin 15.7 x 10- 10(f-10 10)] (D5)

[15.7 x 10-10 (f-l10 )

At 13GHz up from the center frequency of 10GHz, or 23GHz, the

magnitude of the sinc(x) function drops to 5 percent of its maxi-

mum value. This 23GHz will thus be taken as the highest possible

frequency in the spectrum. The following relationships hold.

fh = 23 x 109Hz (D-6)

fs >2fh = 46x10gHz (D-7)

T <1 0.0217 nsec

If fs is set at 100GHz

T s 0.01 nsec (D-9)fs

There will be ten samples per cycle of the incident pulse and

thus 50 samples per full incident pulse. As was noted in

Appendix C, to use the FFT subroutine shown there, the length
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of the FFT must be a power of 2. If N is picked at 1024:

tp = 1024 x T

= 10.24 nsec (D-10)

F = 1 = 97.656 x 106Hz (D-11)
tp

Therefore the highest possible frequency in the spectrum of the pulse

will occur at

Sample # = -F _ 236 (D-12)

Therefore, the frequency response of the scattering from the object

the incident pulse is impinging on, can be cut off at sample 250

to sample 1024-250=774 without great loss in accuracy. Thus, when

the DFT of the pulse and the sampled frequency response are multiplied

and inverse transformed, the reflected pulse will be obtained.

Because of the way the points were picked, the process of multiplica-

tion of transforms and inverse transforming will perform linear con-

volution and not cyclical convolution. For more information on cylical

convolution refer to the literature (Ref 15:p.284-295).
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